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EXPERIMENTS  TO  DETERMINE  THE  BACKWATER 
EFFECTS  OF  SUBMERGED  SILLS  IN 
THE  ST.  CLAIR  RIVER 

Synopsis 

1.  This  report  describes  the  experiments  made  at  the  U.  S. 
Waterways  Experiment  Station  to  determine  the  effects  of  proposed 
sills  in  the  St.  Clair  River,  and  discusses  the  information  obtained 
from  the  experiments.  The  tests  indicate  that: 

(a)  It  is  possible  to  secure  the  desired  rise  in  level  of  Lake 
Huron  by  the  use  of  sills  at  the  locations  proposed. 

(b)  It  is  necessary  to  use  sills  of  different  cross-section  from 
that  proposed  in  order  to  obtain  the  desired  effects. 

(c)  Alternative  locations  for  sills  in  the  same  reach  of  the 
river  may  be  used. 

(d)  Within  reasonable  limits,  the  backwater  produced  by  any 
individual  sill  is  not  reduced  by  the  proximity  of  an¬ 
other  sill. 

(e)  The  backwater  effects  of  the  sills  increase  as  the  dis¬ 
charge  of  the  river  is  increased. 

(f)  The  large  eddy  on  the  Canadian  side  of  the  river,  op¬ 
posite  the  Park  street  gage  in  Port  Huron,  is  very  much 
reduced  in  extent  by  the  sills. 

Introduction 

2.  The  Great  Lakes  constitute  a  great  natural  waterway  along 
a  part  of  the  northern  boundary  of  the  United  States,  and  an  enor¬ 
mous  amount  of  iron  ore,  coal,  wheat,  and  other  commodities  is 
transported  on  them.  Many  more  tons  of  freight  are  carried  each 
year  through  the  St.  Clair  and  Detroit  Rivers,  which  connect  Lake 
Huron  and  Lake  Erie,  than  are  carried  through  both  the  Panama 
and  Suez  canals,  despite  the  fact  that  navigation  on  the  Great  Lakes 
is  closed  by  ice  for  about  five  months  of  every  twelve. 

3.  To  a  considerable  extent,  the  economic  welfare  of  this  coun¬ 
try  and  of  Canada  depends  on  the  uninterrupted  flow  of  this  traffic. 
Consequently,  the  efficient  maintenance  and  improvement  of  the 
waterway  is  of  prime  public  interest.  The  lakes  themsehms  offer 
no  obstructions  to  navigation,  but  the  channels  connecting  them 
have  required  improvements,  and  many  harbors  have  had  to  be 
enlarged  and  deepened  before  they  could  satisfactorily  fulfill  the 
requirements  of  shipping. 

4.  One  of  the  principal  factors  limiting  present  navigation  on 
the  Great  Lakes  is  the  depth  of  harbors.  Freighters  are  loaded 
until  they  can  just  enter  the  harbors  and  reach  their  unloading  docks. 
Whenever  the  slowly  fluctuating  lake-levels  rise,  the  ships  are 
loaded  to  take  advantage  of  the  increased  available  depth.  An 
extra  one-half  foot  of  usable  draft  would  permit  the  load  of  a  large 
freighter  to  be  increased  by  several  hundred  tons,  and  the  trans¬ 
portation  by  each  vessel  of  many  thousands  of  tons  more  of  freight 
in  a  season. 
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5.  For  some  years  past,  there  has  been  a  slight  but  perceptible 
lowering  of  the  levels  of  Lakes  Michigan  and  Huron,  due  to  diversion 
of  water  from  the  Great  Lakes  and  to  dredging  in  the  channels  con¬ 
necting  the  lakes.  Numerous  plans  have  been  advanced  to  restore 
the  lakes  to  the  levels  at  which  they  stood  before  they  were  arti¬ 
ficially  lowered,  and  so  to  increase  the  capacity  of  the  waterway. 
Most  of  these  plans  involve  regulating  and  compensating  works  at 
the  lake  outlets,  similar  to  those  already  installed  at  the  outlet  from 
Lake  Superior. 

6.  One  of  the  most  promising  schemes  for  restoring  the  level 
of  Lake  Huron  contemplates  the  construction  of  a  number  of  sub¬ 
merged  sills  in  the  St.  Clair  River,  the  outlet  of  the  lake.  The 
tops  of  the  sills  would  be  low  enough  for  vessels  to  pass  over  them 
without  interference.  The  effect  of  such  sills  would  be  to  deci*ease 
the  discharge  capacity  of  the  river  for  any  given  stage  of  the  lake, 
due  to  the  decreased  cross-section  and  increased  roughness  of  the 
river  channel.  Therefore,  in  order  for  the  river  to  discharge  the 
same  amount  of  water,  the  lake  level  would  have  to  stand  higher 
after  the  sills  were  constructed. 

7.  There  was  no  question  but  that  such  sills  would  operate 
to  raise  the  levels  of  Lakes  Huron  and  Michigan.  However,  when  it 
came  to  the  question  of  the  amount  of  rise  which  would  be  produced, 
it  was  found  that  there  was  no  existing  information  upon  which  to 
base  any  definite  prediction.  In  the  absence  of  such  information 
it  was  necessary  to  turn  to  experiments  on  hydraulic  models. 

8.  Model  tests  of  a  preliminary  nature,  made  by  the  U.  S. 
Lake  Survey  at  the  hydraulic  laboratory  of  the  University  of  Mich¬ 
igan,  served  to  indicate  to  some  extent  the  comparative  effects  of 
different  types  of  sills  and  to  indicate  that  further  tests  should  be 
made.  With  the  facilities  available  thei-e,  however,  it  was  not  con¬ 
sidered  practicable  to  make  a  complete  and  satisfactory  study,  and  the 
problem  was  referred  to  the  U.  S.  Waterways  Experiment  Station. 

Authority 

9.  Authority  for  this  study  was  contained  in  the  2nd  Indorse¬ 
ment,  dated  October  18,  1932,  by  the  Chief  of  Engineers,  to  a  letter 
dated  October  7,  1932,  from  the  President,  Mississippi  River  Com¬ 
mission,  in  which  the  proposed  program  of  experiments  was  submit¬ 
ted  for  approval. 

Purpose  of  the  Experiments 

10.  It  has  been  computed  by  the  U.  S.  Lake  Survey  Office  at 
Detroit  that  an  increased  stage  of  0.54  foot  is  necessary  to  restore 
Lakes  Michigan  and  Huron  to  the  levels  of  1889-1899.  The  plan  for 
regulating  or  compensating  works  proposed  by  the  St.  Lawrence 
Board  and  approved  by  Congress  requires  the  construction  of  sub¬ 
merged  sills,  at  the  head  of  the  St.  Clair  River,  whose  crests  shall  be 
not  less  than  30  feet  below  standard  low  water,  and  which  shall  not 
reduce  the  cross-sectional  area  of  the  channel  at  standard  low  water 
to  less  than  40,000  square  feet.  The  Lake  Survey  Office  has  sub¬ 
mitted  a  tentative  plan  for  the  location  of  eight  sills  (see  Plate  3) 
which,  by  computations  based  on  assumptions  made  by  the  St. 
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Lawrence  Board,  would  produce  an  increased  stage,  or  backwater 
effect,  of  0.53  foot.  The  purpose  of  these  tests  was  to  determine 
experimentally  the  effect  of  these  proposed  sills,  and  further  to  de¬ 
termine  the  best  combination  of  number,  type,  and  location  of  sills 
necessary  to  produce  the  desired  backwater  of  0.54  foot.  It  was 
also  desired  to  determine  the  effects  of  the  sills  on  the  distribution  of 
velocities  in  the  river  channel,  and  to  secure  any  other  pertinent  data 
that  might  be  indicated  by  the  models. 

Outline  of  Procedure 

11.  The  experiments  that  were  undertaken  in  the  course  of 
this  investigation  can  be  divided  into  four  different  series,  as  follows: 

(a)  Tests  made  in  the  standard  steel  flume  to  determine  the 
comparative  backwater  effects  of  sills  of  different  cross- 
sections.  These  tests  were  planned  to  check  and  extend 
the  data  obtained  at  the  University  of  Michigan.  A  steel 
flume  3)4  feet  wide  was  used,  in  which  model  sills  were 
built  to  1/16  natural  size.  Depths  of  water  in  the  flume 
were  maintained  at  1/16  and  velocities  at  1/4  of  those  in  the 
river,  in  accordance  with  the  laws  of  similitude. 

(b)  Tests  on  an  outdoor  model  of  the  St.  Clair  River,  built  to  a 
vertical  scale  of  1  ;30  and  a  horizontal  scale  of  1 :100.  Dif¬ 
ferent  types  of  sills,  in  various  combinations,  were  placed 
in  this  model,  and  the  backwater  effects  were  measured. 
The  results  were  taken  as  indications  of  the  comparative 
backwater  effects  that  would  be  produced  by  the  different 
types  of  sills  when  placed  in  the  river,  but,  due  to  the  cir¬ 
cumstances  encountered,  they  were  not  accepted  as  indica¬ 
tions  of  the  absolute  backwater  effects. 

(c)  Tests  on  an  outdoor  model  similar  to  that  noted  in  (b), 
for  which  both  the  vertical  and  horizontal  scales  were  1 :10(), 
so  that  the  effects  of  scale  distortion  were  eliminated.  In 
this  case  it  was  possible  to  operate  the  model  in  more  strict 
accordance  with  the  laws  of  similitude,  and  the  results  were 
considered  as  giving  quantitative  indications  of  the  per¬ 
formance  of  the  prototypes. 

(d)  Tests  made  in  a  tilting  flume,  2.4  feet  wide,  to  determine 
the  backwater  effects  of  various  types  and  numbers  of  sills. 
The  sills  were  constructed  to  a  scale  of  1 :100,  and  velocities 
of  about  1/10  those  in  the  river  were  used.  These  tests 
served  to  indicate  the  manner  in  which  the  backwater 
effect  varied  with  different  velocities  and  with  different 
spacing  of  sills. 

12.  It  is  desirable  to  define  the  term  “backwater  effect,”  so 
often  used  in  this  report.  The  backwater  effect  of  any  sill  or  set  of 
sills  in  a  model  (or  flume)  was  found  by  comparing  runs  made  with 
and  without  the  sills.  When  there  were  no  sills  in  the  model  (or 
flume)  the  difference  in  water-surface  elevation  between  a  point 
above  and  a  point  below  the  reach  where  the  sills  were  to  be  located 
represented  the  normal  frictional  loss  between  the  two  points.  When 
the  sills  were  in  place,  the  difference  in  elevation  between  the  two 
points  represented  the  normal  frictional  loss  plus  the  extra  loss  caused 
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by  the  sills.  Subtracting  this  first  difference  in  elevation  from  the 
second,  then,  gave  the  loss,  or  the  backwater  effect,  of  the  sills  tested. 

Flume  Tests 

13.  As  stated  in  Paragraph  11  (a),  flume  tests  were  made  to 
check  and  extend  the  data  obtained  at  the  University  of  Michigan. 
In  the  Michigan  tests  (see  Appendix  E),  water  at  various  depths 
and  velocities  was  run  over  the  model  sills,  with  the  intent  of  securing 
information  covering  a  considerable  range  of  conditions,  so  that  a 
general  formula  could  be  developed  to  express  the  backwater  effect 
in  terms  of  the  other  actors.  However,  no  formula  was  devised  that 
would  be  useful  in  expressing  these  results,  and  there  did  not  appear 
to  be  much  promise  of  success  in  that  direction. 

14.  Consequently,  it  was  decided  that  the  tests  at  the  U.  S. 
Waterways  Experiment  Station  should  be  made,  so  far  as  practi¬ 
cable,  only  of  the  particular  conditions  that  exist  in  the  St.  Clair 
River.  The  model  sills  tested  in  the  flume  are  shown  on  Plate  1. 
All  these  sills  were  constructed  of  planed  lumber  and  were  oiled 
to  minimize  warping  and  swelling.  The  sills  of  the  “12”  series 
were  made  to  simulate  natural  sills  12  feet  high.  This  is  the  maxi¬ 
mum  height  allowable,  where  the  river  channel  is  42  feet  deep,  to 
leave  a  depth  over  the  sills  of  30  feet,  in  conformity  with  the  re¬ 
quirements  of  navigation  as  set  forth  by  the  Lake  Survey  Office. 
The  “7”  series  represented  7-foot  sills,  suitable  for  use  where  the 
river  channel  is  37  feet  deep. 

Test  Set-up: 

15.  The  set-up  used  in  running  these  tests  is  shown  on  Plate  1. 
Water  from  the  laboratory  reservoir  was  admitted  at  the  upper  end 
of  the  flume,  and  passed  successively  through  the  baffles,  over  the 
model  sill,  and  over  an  adjustable  tailgate,  after  which  it  was  meas¬ 
ured  by  a  4-foot  sharp-crested  suppressed  weir.  Water-surface  eleva¬ 
tions  were  measured  at  the  five  points  indicated  on  Plate  1.  Piezo¬ 
meter  openings  in  the  sides  of  the  flume,  10  inches  above  the  bottom, 
were  connected  to  a  row  of  small  buckets  set  under  a  slide-rod,  on 
which  a  single  hook  gage  was  mounted  in  such  a  manner  that  it 
could  be  used  to  measure  the  water  level  in  each  of  the  buckets. 
Point  gages  were  mounted  over  the  center  of  the  flume  at  points 
opposite  the  upper,  center  and  lower  piezometers,  to  make  possible 
a  check  on  the  hook-gage  readings.  The  model  sills  were  always  placed 
so  that  the  lower  end  of  the  horizontal  crest  was  opposite  the  center, 
or  intermediate,  piezometer  opening,  at  Station  0. 

Procedure : 

16.  After  the  measuring  weir  had  been  calibrated,  hook  gages 
and  point  gages  zeroed,  and  preliminary  runs  made  to  familiarize  the 
operators  with  the  apparatus,  regular  tests  were  begun.  The  ve¬ 
locity  and  depth  of  water  in  the  open  flume  were  adjusted  to  the 
required  values  by  varying  the  quantity  of  flow  and  by  adjusting  the 
elevation  of  the  tailgate.  After  water  levels  had  reached  equili¬ 
brium,  the  elevations  of  the  ends  of  the  tailgate  were  measured  with 
a  level,  and  ten  sets  of  readings  were  taken,  as  rapidly  as  possible. 
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of  the  water-surface  elevations  in  each  of  the  piezometer  buckets 
and  of  the  head  ou  the  weir.  The  mean  of  these  ten  readings  for 
each  gage  was  taken  as  its  value  for  the  run. 

17.  Next  the  valve  was  closed,  the  flume  was  drained,  and  the 
sill  to  be  tested  was  set  carefully  in  place  and  shimmed  up  until  it 
was  level.  The  test  was  then  resumed,  with  the  same  discharge  as 
used  in  the  preceding  nin.  The  elevations  of  the  ends  of  the  tail¬ 
gate,  which  had  not  been  disturbed,  were  checked,  and  another 
series  of  ten  sets  of  readings  of  the  hook  gages  was  secured.  The 
means  of  these  values  were  taken  as  the  values  for  the  second  run. 
The  flow  was  then  readjusted  more  nearly  to  the  desired  value  (if 
it  had  varied  slightly  from  that  value  during  the  second  run),  the 
elevation  of  the  tailgate  was  rechecked,  and  the  run  was  repeated. 
After  this  third  run  the  flow  was  again  stopped,  the  sill  was  removed, 
and  a  fourth  run  was  made  in  the  open  flume  to  check  the  results  of 
the  first.  Such  a  set  of  four  runs  was  made  for  each  of  the  sills  tested. 
Comparisons  between  the  water-surface  elevations  for  the  runs  with 
and  without  the  sills  indicated  the  amount  of  backwater  produced. 

18.  During  the  preliminary  runs  it  was  found  that  there  was 
never  any  appreciable  difference  between  the  readings  of  the  point 
gages  and  the  corresponding  readings  of  the  hook  gage  in  the  piez¬ 
ometer  buckets:  thereafter  the  point  gages  were  not  read  regularly, 
but  were  used  occasionally  to  check  the  hook  gage. 

Results : 

19.  The  average  backwater  effects  of  the  different  types  of 
sills  tested  in  the  flume  are  presented  in  Table  1.  The  data  from 
which  the  averages  were  obtained  are  presented  at  length  in  Table 
1,  Appendix  C. 

TABLE  1 


Average  Backwater  Effects  of  SiUs  Tested  in  Standard  Flume 


Runs 

Sill  Tested 

Bivekwater  Effect  in  Flume 

Type 

Upstream 

Face 

Downstream 

Face 

Feel 

1-4 

A-12 

1:3* 

1:3 

0.0010 

5-8,  :i3-34 

D-12 

1:3 

Vertical 

0.0021 

9-12 

C-12 

Vertical 

1:3 

0.0072 

13-16 

B-12 

Vertical 

0.0071 

17-20,  37-40 

A-7 

1:3 

1:3 

0.0007 

21-24,  35-36 

D-7 

1:3 

Vertical 

0.0007 

25-28 

C-7 

Vertical 

1:3 

0.0037 

29-32 

B-7 

(( 

Vertical 

00026 

Note: — The  sills  were  constructed  to  a  1:16  scale  and  the  velocity  in  the  flume 
was  reduced  to  1/4  the  mean  velocity  in  nature  or  0.78  foot  per  .second.'  The  depth  of 
suhmeigence  corresponded  to  30  feet  in  nature.  The  results  are  given  in  feet  ob¬ 
served  in  the  flume.  To  tran.sfer  to  correjsponding  effects  in  nature,  the  backwater 
effect  should  be  multiplied  by  16. 

*  Ttie  vertical  clLsIance  is  Riven  first  in  all  slope  ratios  u.scd  in  this  report. 


20.  It  is  to  be  noted  that  the  observed  backwater  effects  are 
very  small,  and  that  even  with  the  most  careful  work  the  incidental 
and  unavoidable  errors  in  observation  are  large  relative  to  the  differ¬ 
ences  measured.  Considering  the  circumstances,  the  results  of  the 
experiments  appear  to  be  about  as  consistent  and  accurate  as  it  is 
practicable  to  obtain  them. 

21.  Of  the  four  types  of  sills  tested  (see  Plate  1),  those  of  Type 
A  produced  the  least  backwater,  and  those  of  Type  I)  had  but  little 
more  effect.  Type  C,  with  a  vertical  upstream  and  a  sloping  down¬ 
stream  face,  was  found  to  have  much  greater  backwater  effect  than 
Types  A  or  D,  and  a  slightly  greater  backwater  effect  than  Type  B, 
which  had  both  faces  vertical.  The  results  indicate  that  a  sill  with 
a  vertical  upstream  face  is  much  more  effective  in  creating  back¬ 
water  than  a  sill  with  a  sloping  front  face.  The  downstream  face 
does  not  appear  to  have  a  marked  effect. 

22.  For  those  tests  in  which  the  dimensions  and  other  factors 
were  the  same,  the  results  of  the  University  of  Michigan  experiments 
were  checked  reasonably  well.  As  was  deduced  from  the  Michigan 
data,  it  appears  that  the  flow  over  such  deeply  submerged  sills  differs 
fundamentally  from  the  flow  over  the  usual  dam  or  broad-crested 
weir,  and  that  the  backwater  effect  is  primarily  a  function  of  the  tur¬ 
bulence  produced  by  the  submerged  obstruction.  The  comparative 
heads,  or  backwater  effects,  for  these  sills  seem  to  bear  little  relation 
to  the  corresponding  heads  that  would  be  observed  if  the  same  sills 
were  used  as  ordinary  broad-crested  weirs. 

Model  of  St.  Clair  River 
Scales:  1:30  Vertical,  1:100  Horizontal  , 

23.  Since  the  flume  tests  were  run  for  average  and  idealized 
conditions,  it  was  not  expected  that  their  results  necessarily  would 
correspond  to  those  that  might  be  realized  in  the  river.  It  was  de¬ 
cided,  therefore,  to  build  a  model  of  the  river  channel  for  further 
study.  The  flume  tests  indicated  that  the  backwater  effects  of  cer¬ 
tain  of  the  proposed  types  of  sills  would  be  small.  To  facilitate  the 
measurement  of  small  vertical  differences,  a  distorted  model  of  the 
St.  Clair  River  was  constructed,  which  was  designed  to  indicate  the 
comparative  effects  of  the  different  types  of  sills  under  the  conditions 
which  would  be  encountered  in  nature. 

24.  There  were  two  types  of  flow  to  be  considered  in  this 
model — flow  over  the  sills  and  flow  as  governed  by  the  frictional  re¬ 
sistance  of  ordinary  open  channels.  In  order  to  satisfy  both  the 
Froudian  relationship  and  those  derived  from  open  channel  flow 
formulas,  it  was  necessary  to  make  the  vertical  scale  a  definite  func¬ 
tion  of  the  horizontal  scale.  The  largest  practical  horizontal  scale 
for  the  model  was  1 :100,  and  from  this  the  necessary  vertical  scale 
was  computed  to  be  1 :30. 

The  Model: 

25.  A  model  of  the  outlet  of  Lake  Huron,  and  of  the  upper  St. 
Clair  River  down  to  a  point  some  2,000  feet  below  the  mouth  of 
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Black  River,  was  constructed  of  concrete  to  a  horizontal  scale  of 
1:100  and  to  a  vertical  scale  of  1:30  (see  Plate  2).  Ten  gages  were 
placed  in  this  model,  corresponding  in  location  to  gages  on  Lake 
Huron  and  along  the  St.  Clair  River.  These  gages  were  piezometer 
openings  carefully  set  flush  with  the  surface  of  the  model,  and  con¬ 
nected  by  pipes  to  a  central  gage  pit,  where  a  row  of  ten  gage  buckets 
was  so  arranged  under  a  slide  rod  that  the  elevation  of  the  water 
surfaces  in  each  bucket  could  be  read  by  the  same  hook  gage.  Water 
entering  the  model  from  the  reservoir  was  measured  by  a  5-foot  rec¬ 
tangular  suppressed  weir.  A  long  tailgate  was  provided  to  adjust 
the  water-surface  elevation  at  the  lower  end  of  the  model. 

26.  Light  vertical-faced  .sills,  placed  at  locations  recommended 
by  the  St.  Lawrence  Board  (see  Plate  3),  were  so  constructed  of 
wood  that  they  could  easily  be  set  in  place  or  removed.  Later,  con¬ 
crete  blocks  were  made  so  the  sills  could  be  given  different  side  slopes. 
Plate  4  shows  in  detail  the  cross-sections  of  all  the  various  types  of 
sills  tested.  The  crest  elevations  of  the  sills  were  obtained  from 
the  U.  S.  Lake  Survey  Office,  and  are  given  below  in  Table  2. 

TABLE  2 

Elevations  of  Crests  of  Sills  Used  in  St.  Clair  Model 
Horizontal  Scale  1:100;  Vertical  Scale  1:30 


Sill  Number 

Elevation  Standard 
Low  Water  in  Feet 
M.  S.  L.  at  Site  of 
Sill,  as  Read  from 
Profile 

Depth  of  Crest  of 
Sill  in  li'eet  below 
Standard  Low 
Water 

Elevation  Crest  of 
SiUinFeetM.S.L. 

1 

i  577.72 

31.5 

546.22 

2 

577.73 

30.0 

547.73 

3 

577.74 

30.0 

547.74 

4 

577.75 

30.0 

547.75 

5 

577.72 

30.1 

547.62 

6  I 

577.69 

33.5 

544.19 

7 

577.66 

31.6 

.546.06 

8 

577.62  _ 

30.0 

.547.62 

Procedure-.* 

27.  The  preliminary  tests  established  the  fact  tliat  a  greater 
quantity  of  water  w’as  required  to  reproduce  the  natural  profile  than 
was  indicated  by  the  discharge  scale  obtained  from  similitude  re¬ 
lationships.  This  meant  that  the  concrete  bed  of  the  model  was  too 


*  Three  disch{\rges  were  furnished  by  the  U.  S.  Lake  Survey  to  be  simulated  in  the  model  teats. 
The  mean  discharge  for  open-river  conditions  is  194, OIK)  cubic  feet  per  second  and  tlie  approxi¬ 
mate  extremes  in  ice-frec  flow  are  170, cubic  feet  per  second  and  220, (WO  cubic  feet  per  iiecond. 
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smooth  to  simulate  properly  the  much  rougher  bed  of  the  river. 
Accordingly,  the  roughness  of  the  model  was  increased,  by  applying 
a  thin  coating  of  hot  tar,  into  which  were  thrown  sharp  pieces 
of  finely-crushed  slag,  resulting  in  a  “pebbledash”  surface.  By 
this  treatment  the  quantity  of  water  required  by  the  model  was 
much  reduced,  although  it  was  still  necessary  to  use  more  than  (he 
quantity  indicated  by  similitude  formulas.  To  further  reduce  the 
discharge  scale  would  have  required  such  excessive  roughness  that 
the  cross-section  would  have  been  appreciably  changed.  Thus,  in¬ 
stead  of  a  discharge  scale  of  1:16,430  as  obtained  by  similitude  re- 


PLATE  i 
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lationships  for  the  model,  a  compromise  discharge  scale  of  1:14,400 
was  used.  This  resulted  in  higher  velocities  in  the  model  than 
should  have  been  employed  to  obtain  dynamic  similarity,  and  con- 
secjuently  greater  backwater  effects  were  produced  by  the  sills  than 
normally  should  have  been  obtained. 

2S.  .\fter  deciding  that  it  was  impracticable  to  further  reduce 
the  discharge  scale,  regular  tests  were  conducted  as  follows: 

(a)  Run  with  no  silh. 

The  model  discharge  and  the  tailgate  setting  were  varied 
until  the  water-surface  elevations  in  the  Lake  (at  the 
upper  end  of  the  model),  and  at  the  Black  River  gage 
(at  the  lower  end  of  the  model),  stood  at  the  proper 
values  for  the  particular  flow  that  was  being  simulated. 
The  elevations  of  the  ends  of  the  tailgate  were  observed 
and  recorded.  A  series  of  ten  readings  was  then  made, 
as  rapidly  tis  possible,  of  the  water-surface  elevations 
at  each  of  the  ten  gages  and  of  the  head  on  the  weir. 
The  means  of  these  readings  were  taken  as  the  values 
for  the  run. 

(b)  Run  with  sills. 

In  this  case  the  model  discharge  and  the  tailgate  setting 
were  made  the  same  as  in  the  preceding  open-river  run. 
I'hc  sills  to  be  tested  were  set  in  place  and  carefully 
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brought  to  grade  with  an  engineer’s  level.  After  water 
had  run  through  the  model  long  enough  for  conditions 
to  become  steady,  tailgate  elevations  were  observed  and 
recorded,  a  series  of  ten  readings  of  the  gages  was  taken 
as  before,  and  the  means  of  these  readings  were  used  as 
the  values  for  the  run. 

The  backwater  effect  for  any  set  of  sills  tested  was  then  found  by 
comparing  the  observed  differences  in  elevation  between  the  upper 
and  lower  gages  in  the  model  for  the  two  runs. 

Results : 

29.  The  average  backwater  effects  of  the  different  types  (see 
Plate  4)  and  combinations  of  sills  tested  are  presented  here  in  Table 
3.  The  data  from  which  the  averages  were  obtained  are  presented 
at  length  in  Table  2  of  Appendix  C. 

TABLE  3 

Average  Backwater  Effects  of  Sills  As  Observed  in  St.  Clair  Model 


Vertical  Scale  1:30;  Horizontal  Scale  1:100. 


Numbers 
of  Sills 

Type  of  Sill 

Backwater  Effect,  Feet  in  Nature, 
Discharge  Corresponding  to : 

Upstream 

Face 

Downstream 

Face 

170,000 
c.  f.  s. 

194,000 
c.  L  s. 

220,000 
c.  f.  s. 

1-8 

Vertical 

Vertical 

0.53 

0.80 

0.81 

1-8 

1:3 

1:3 

0.21 

1-8 

1:1 

1:1 

0.21 

2-7 

Vertical 

Vertical 

0.49 

0.67 

2-5,  7 

“ 

“ 

0.58 

0.63 

2-5 

a 

(( 

0.30 

0.51 

0.52 

2,  4,  6,  8 

i( 

(i 

0.41 

2,  6-8 

ic 

Cl 

0.29 

1-8  { 

Part  Vert. 

“  1:3 

Part  Vert. 

“  1:3 

) 

0.45 

1-8  ( 

Part  Vert. 

“  1:1 

Part  Vert. 

“  1:1 

} 

0.73 

1-8 

Vertical 

1 :3 

0.71 

1-8 

1:3 

Vertical 

0.37 

1-8 

Vertical 

1:1 

0.84 

1-8 

1:1 

Vertical 

0.69 

1-8 

Vertical 
Crests 
Lowered  5' 

0.45 

DISTORTED  MODEL  OF  ST.  CLAIR  RIVER. 


Above:  Generai  view  of  model  in  operation,  looking  downslreom. 

Bdow:  Looking  upsireavx,  with  sill  No.  5  »«  foreground  Shtore  itilU  for  Hun  No.  tHth  vertical 
facca  i«  dfcji  sertionsy  and  1 :1  doping  fac.tn  in  shadfnr  nfctionn 
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30.  The  backwater  effects  listed  in  Table  3  are  to  be  regarded 
as  comparative  only.  As  mentioned  before,  the  absolute  backwater 
effects  are  somewhat  large,  due  to  the  high  velocities  used  in  the 
model,  but  the  relative  effects  of  different  types  and  combinations 
are  expressed  by  these  data.  A  general  tendency  shown  by  the  re¬ 
sults  obtained  from  this  model  is  that  the  backwater  effect  of  the  sills 
increases  as  the  discharge  of  the  river  increases.  Sills  with  vertical 
upstream  faces  are  seen  to  be  more  effective  than  those  of  other 
types.  The  slope  of  the  downstream  face  does  not  appear  to  have 
much  influence  on  the  backwater  produced. 

31.  It  was  also  noted  that  the  pronounced  eddy  on  the  Cana¬ 
dian  side,  opposite  the  Park  Street  gage,  was  largely  broken  up  by 
the  sills.  The  reduction  in  size  of  this  eddy  would  tend  to  increase 
the  discharge  capacity  of  the  channel,  and  so  counteract  to  some 
extent  the  desired  effect  of  the  sills. 

Model  of  St.  Clair  River 
Scales:  l.TOO  Vertical,  1:100  Horizontal 

32.  Since  there  were  several  unsettled  questions  about  the 
advisability  of  accepting  at  their  observed  values  all  the  results  from 
the  distorted  model  for  this  particular  kind  of  problem,  it  was  de¬ 
cided  that  tests  on  an  undistorted  model  should  supplement  those 
on  the  distorted  model.  The  choice  of  proper  side  slopes  for  the  sills 
in  the  distorted  model  was  an  especially  troublesome  question.  By 
using  the  model  scales,  a  1  ;3  slope  in  nature  would  become  about  a 
1:1  slope  in  the  model,  but  there  was  always  some  question  as  to 
whether  the  proper  hydraulic  effect  would  be  obtained  in  this  par¬ 
ticular  case  by  such  distortion.  Then,  when  it  was  found  to  be  im¬ 
practicable  to  secure  proper  velocities  in  the  distorted  model,  the 
necessity  for  an  undistorted  model  became  more  evident.  Accord¬ 
ingly,  the  model  was  reconstructed  with  both  vertical  and  horizontal 
scales  of  1:100.  This  reduced  the  exactness  with  which  differences 
in  elevation  could  be  simulated,  but  it  also  eliminated  the  effects 
of  distortion. 

The  Model: 

33.  The  undistorted  model  covered  the  same  area  as  did  the 
distorted  model,  reproducing  the  St.  Clair  River  from  the  lower  end 
of  Lake  Huron  to  a  point  some  2,000  feet  below  the  mouth  of  Black 
River,  as  indicated  on  Plate  2.  Water  circulated  by  a  pump  was 
supplied, to  the  model  from  a  constant-head  tank,  and  was  measured 
by  a  triangular  weir.  The  same  ten  gages  were  used  as  before. 

Sills: 

34.  Sills  were  used  again  at  the  same  locations  proposed  by  the 
St.  Lawrence  Board.  It  developed,  as  the  tests  progressed,  that 
other  locations  for  the  sills  might  be  of  advantage,  and  these  are 
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shown  on  Plate  6.  The  sills  were  made  with  various  cross-sections, 
some  beins  the  same  as  those  previously  proposed  and  tested,  and 
othera  being  new  cross-sections,  suggested  by  the  Lake  Survey  Office, 
and  the  U.  S.  Engineer  Office  at  Detroit  as  being  more  economical 
to  construct.  Cross-sections  of  all  sills  tested  are  shown  f)n  Plate  7, 
and  crest  elevations  of  sills  are  given  in  Table  4. 

TABLE  4 


Elevaiiong  of  Cresi»  of  Sills  Used  in  Si.  Clair  Moilel 
Vertical  Hcjile  1:100;  Horizontal  Scale  1:100 


Sill 

Number 

Location — 
No.  of  Section 
in  1929  Survey 

Elevation  of 
Standard  Low 
Water  in  Feet 
M.  S.  L.  at  Site 
of  Sill 

Depth  of  Crest 
of  .Sill  in  Feet 
below  Standard 
Low  Water 

Elevation  of 
Cre-st  of  Sill 
in  Feet  M.  S.  L. 

1 

320 

577.7.5 

40.70 

537.05 

2 

.317 

.377.7(1 

30.70 

5-i7.0(i 

3 

.314 

.377.7(1 

30.00 

547.7(1 

4 

.377.7.3 

31.10 

540.05 

5 

310 

.377.71 

33.20 

,514.51 

.307 

577.7(1 

33.50 

.514.20 

7 

304 

.577.02 

34.80 

.542.82 

8 

300 

.577.55 

30.00 

.510.95 

2-A 

3,8 

.377.7(1 

33.00 

514.70 

2-B 

:i\i\ 

.577. 7<i 

30.00 

.347.70 

.^B 

31 1 

.377.73 

3.3.(X) 

.342.73 

5- A 

301) 

.377.70 

33.26 

.344.45 

7-B 

302 

.377..39 

30.00 

.347..39 

Note: — For  Sills  1-8,  the  value.s  given  do  not  agree  exactly  with  thofc  given  in 
Table  2,  which  were  itsed  in  the  distorte<l  nnxlel.  The  valiKw  in  Table  4  were  fur¬ 
nished  by  the  U.  S.  Ijike  Survey  Office,  in  a  letter  dated  October  24,  ItrUl,  while  the 
valuG.«  in  Table  2  were  taken  from  earlier  surveys  and  reports. 

Procedure : 

35.  The  procedure  used  in  running  tests  on  the  undistorted 
model  was  essentially  the  same  as  that  used  for  the  distorted  model. 
In  this  case  it  was  also  found  that  the  discharge  required  to  repro¬ 
duce  the  natural  profile  in  the  unroughened  model  was  greater  than 

that  indicated  by  the  Freudian  similitude  relationship,  q  =  I'i  = 
ifto.'ftoo-  However  it  was  easily  poissible,  by  a  slight  roughening  of 
the  bed  of  the  model,  to  obtain  the  correct  water-surface  elevations 
using  the  theoretical  discharge.  After  a  number  of  trial  runs  had  been 
made  it  was  found  that  this  roughne.ss  was  most  snti.sfactorilj"  oh- 


17 


tained  by  the  use  of  several  pieces  of  mesh  galvanized  wire 

screen,  laid  flat  on  the  bed  of  the  model.  These  screens  could  be 
removed  when  the  model  was  cleaned,  and  replaced  in  the  same 
positions  without  change  in  effect.  They  were  used  in  all  the  runs 
for  which  data  are  given  in  the  following  pages,  and  the  theoretical 
discharge  scale  of  1:100,000  was  strictly  followed. 

.36.  The  test  runs  may  be  divided  into  two  classifications, 
as  follows: 

(a)  Runs  without  sills,  in  which  the  model  simulated  the 
existing  unobstructed  river  channel. 


The  model  discharge  was  found  bj'  multiplying  the 
discharge  scale  (q  =  1:100,000)  by  the  natural  dis¬ 
charge.  The  tailgate  was  adjusted  to  reproduce,  as 
nearly  as  possible,  the  natural  water-surface  profile. 
As  soon  as  tlie  flow  had  become  steady,  a  series  of  ten 
readings  was  made,  as  rapidly  as  possible,  of  the  water- 
surface  elevations  in  Lake  Huron,  at  the  upper  end 
of  the  model,  and  at  the  Black  River  gage,  at  the  lower 
end.  The  means  of  these  two  sets  of  ten  readings  for 
each  gage  were  taken  as  the  values  for  the  run. 

(b)  Runs  with  sills,  in  which  the  model  simulated  the  river 
channel  with  various  proposed  sills  installed. 

After  the  observations  noted  in  (a)  had  been  made, 
and  without  shutting  down  the  flow  of  water  or  chang¬ 
ing  the  tailgate  setting,  any  desired  group  of  sills  was 
set  in  place  in  the  model  channel.  Again,  after  the 
flow  had  become  steady,  a  series  of  ten  readings  was 
made  of  the  water-surface  elevations  at  the  Lake  and 
at  the  Black  River  gages,  and  the  means  of  these  read- 
ing.s  were  taken  as  the  values  for  the  run. 

The  backwater  effect  of  any  particular  set  of  sills  was  found,  as  be¬ 
fore,  by  comparing  the  runs  made  with  and  without  sills. 

Results : 

37.  The  average  backwater  effects  of  the  different  types  (see 
Plate  7)  and  combinations  of  sills  tested  are  given  in  Table  5.  From 
the  ma.ss  of  data  from  which  these  averages  were  obtained,  certain 
representative  runs  were  selected  as  being  typical,  and  data  for  these 
runs  are  given  in  detail  in  Table  3  of  Appendix  C. 
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TABLE  5 


Averaffe  Backwater  Effects  of  Sills  As  Observed  in  Si.  Clair  Model 
Vertical  Scale  1:100;  Horizontal  Scale  1:100. 


Numbeis 
of  Sills 
in  Model 

Type  of  Sill 

Backwater  Effect,  Feet  in  Nature, 
Discharge  Corresponding  to: 

Up-stream 

Face 

Downstream 

Face 

170,000 
c.  f.  .s. 

194,000 
c.  f.  s. 

220,000 
c.  f.  s. 

1-8 

Vertical 

Vertical 

0.47 

0.152 

O.OI 

H 

(( 

1:1 

0.,59 

tc 

U 

1:3 

0.02 

*c 

1:1 

1:1 

0.40 

tl 

1:3 

1:3 

0.28 

1x5 

i:m 

0.00 

“ 

lx.') 

1:2 

0.48 

0.52 

0.59 

it 

1x5 

1:3 

0.4f) 

0.45 

0..52 

5x5 

1 :1  '4 

0.47 

“ 

.5x5 

1:2 

0.17 

»( 

{  “  } 

1:2 

0.43 

1-8.  7B 

1:1 

1:2 

0.49 

H 

1x5 

1:2 

0.52 

0.01 

0.02 

ct 

5x5 

1:2 

0.4fi 

0.43 

0.51 

a 

.5x5 

1:3 

0.49 

1-4,  5A  \ 
5B,  fi-S  / 
<( 

1x5 

5.x  5 

1:2 

1:2 

0.53 

0.44 

0.01 

0.53 

0.07 

0.55 

1,  2A.  2B,  3-8 

5x5 

1:2 

0.48 

- 

5x5 

1:3 

0.49 

1.  2A,  2B,  1 
3-8,  7B  1 

5x5 

1:3 

0,50 

38.  The  data  listed  in  Table  5  exhibit  the  same  general  ten¬ 
dencies  that  were  noted  in  previous  tests.  The  backwater  effects  of 
the  various  .sills  are  seen  to  increase  with  the  discharge.  The  type 
of  upstream  face,  used  for  the  sill  obviously  has  more  influence  on  the 
backwater  effect  than  does  the  downstream  face.  Sills  with  vertical 
f)r  .5x1  stepped  upstream  faces  produce  greater  backwater  effects 
than  sills  with  sloping  or  5x5  stepped  faces.  As  would  be  expected, 
extra  sills  in  the  deeper  parts  of  the  channel  cause  greater  effect  than 
extra  sills  in  shallower  parts.  It  appears  that  there  are  various  com¬ 
binations  of  types  and  numbers  of  sills  that  would  provide  the  de¬ 
sired  backwater  of  0.5-1  foot. 
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UNDISTORTED  MODEL  OF  ST.  CLAIR  RIVER. 
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Effect  of  Silting: 

39.  Although  the  amount  of  sediment  carried  by  the  St.  Clair 
River  is  extremely  small,  there  is  nevertheless  some  possibility  of  silt 
being  deposited  in  the  pockets  between  the  sills,  and  a  question  was 
raised  as  to  the  effect  of  such  silting  upon  the  backwater  produced 
by  the  sills.  Tests  were  run  to  secure  an  indication  of  the  effect  of 
an  extreme  amount  of  silting,  by  operating  the  model  with  the  bed 
filled  with  sand  up  to  the  level  of  the  sill  crests.  A  comparison  be¬ 
tween  runs  made  with  the  beds  so  filled  with  sand  and  runs  made 
with  an  open-river  channel  indicated  a  backwater  effect  in  Lake 
Huron  corresponding  to  0.18  foot  in  nature,  when  the  St.  Clair  River 
was  discharging  220,000  c.  f.  s. 

Effect  of  Higher  Sills : 

40.  In  the  distorted  model  the  elevations  of  the  crests  of  the 
sills  (Table  2)  were  generally  higher  than  those  used  in  the  undis¬ 
torted  model  (Table  4),  which  were  made  to  agree  with  revised  eleva¬ 
tions  furnished  by  the  U.  S.  Lake  Survey  Office.  In  order  to  com¬ 
pare  more  directly  the  results  obtained  from  the  two  models,  tests 
were  run  on  the  undistorted  model  with  the  sills  raised  to  the  eleva¬ 
tions  given  in  Table  2.  A  backwater  effect  corresponding  to  0.64 
foot  in  nature  for  a  discharge  of  194,000  c.  f.  s.  was  observed  in  the 
model  for  sills  1-8  with  both  faces  vertical.  For  the  same  sills,  but 
with  higher  comparative  discharges,  the  distorted  model  indicated 
an  effect  of  0.80  foot  (Table  3).* 

Surface  Currents: 

41.  As  was  the  case  with  the  distorted  model,  it  was  observed 
in  these  tests  that  the  eddy  on  the  Canadian  side,  opposite  the  Park 
Street  gage,  was  greatly  reduced  when  the  sills  were  set  in  place. 
Plate  9  shows  the  extent  of  the  eddy,  as  observed  by  tracing  the 
paths  of  surface  floats  in  the  model,  with  and  without  sills,  for  a 
discharge  corresponding  to  194,000  c.  f.  s.  in  the  river.  Similar  ob¬ 
servations  were  made  for  river  discharges  of  170,000  and  220,000 
c.  f.  s.,  but  the  appearance  of  the  resulting  eddy  diagrams  was  vir¬ 
tually  identical  with  Plate  9,  so  they  are  not  shown  here. 

Velocity  Distributions: 

42.  Explorations  with  a  Bentzel  velocity  tube  were  made  at  the 
sites  of  sills  3,  5,  and  7,  to  see  what  changes  might  be  observed  in  the 
magnitude  and  distribution  of  velocities  both  when  the  channel  was 
unobstructed  and  when  the  sills  were  in  place.  The  observed  veloci¬ 
ties  are  plotted  in  the  diagrams  of  Plate  10.  These  diagrams  show 
that,  for  the  channel  without  sills,  the  velocities  were  quite  unevenly 
distributed,  and  that  after  the  sills  were  in  place  the  velocity  dis¬ 
tribution  became  more  uniform.  Therefore,  although  mean  veloci¬ 
ties  at  the  sites  of  the  sills  were  necessarily  increased,  maximum 
velocities  were  increased  to  a  lesser  extent. 

*  For  a  furMier  eoniparison  of  r^ults  obtained  from  the  distorted  and  undistorted  models,  see 
Appendix  D 
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Summary  of  Results 
Efficiency  of  Different  Types  of  Sills: 

43.  The  model  tests  all  indicated  that  the  amount  of  back¬ 
water  varied  greatly  with  changes  in  sill  cro.ss-sections.  The  type 
of  upstream  face  was  the  important  factor  in  determining  the  effi¬ 
ciency  of  the  sill,  while  the  type  of  downstream  face  had  but  little 
effect,  within  the  range  of  conditions  tested.  Although  it  might  be 


expected  that  a  sill  with  both  faces  vertical  would  be  most  efficient, 
the  variou.s  .stories  of  tests  were  consistent  in  indicating  that  a  back¬ 
water  effect  as  great,  or  slightly  greater,  would  be  produced  by  a  sill 
liaving  an  upstream  face  made  vertical  or  in  5  x  1  steps,  and  liaving 
for  a  downstream  face  a  slo{)e  not  flatter  than  1:2. 

Vorintion  of  Rack  water  Effect  With  Discharge: 

44.  The  model  tests  were  consistent  in  indicating  that  the 
backwater  produced  by  any  particular  set  of  sills  was  greater  for  the 
higher  than  it  was  for  the  lower  discharges,  although  the  difference 
was  not  veiy  great  for  the  range  in  discharge  encountered  in  the  St. 
Clair  River.  Tests  made  on  1:100  scale  model  sills  in  a  flume  (Ap¬ 
pendix  A)  indicated  that,  for  the  same  depths  of  submergence,  the 
backwater  effect  of  a  sill  or  combination  of  sills  varied  as  the  square 
of  the  velocity  in  the  unobstructed  channel. 
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SECTION  AT  SITE  OF  SILL  No.  3-No  SilFin  Model. 
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Magnitude  of  Backwater  Effect: 

45.  The  results  of  tests  on  the  undistorted  model  (Table  5), 
which  are  believed  to  be  reliable,  indicate  that  the  desired  backwater 
of  0.54  foot  can  be  obtained  by  the  construction  of  various  types 
and  combinations  of  sills.  It  is  possible  to  secure  the  0.54  foot  back¬ 
water  with  eight  sills  in  the  locations  proposed  by  the  St.  Lawrence 
Board,  but  it  would  be  necessary  to  use  a  different  cross-section  from 
that  originally  proposed.  The  data  in  Table  5  and  on  Plate  6, 
showing  observed  backwater  effects  and  locations  of  sills  tested,  re¬ 
spectively,  furnishes  sufficient  information  to  allow  the  selection  of 
the  best  combination  of  sills  to  produce  any  desired  effect. 

Effect  of  Variation  in  Spacing  of  Sills : 

46.  It  was  found  from  the  flume  experiments  described  in 
Appendix  A  that  the  total  backwater  effect  of  one  or  more  sills  varied 
directly  with  the  number  of  sills.  The  effect  per  sill  was  not  changed 
when  the  spacing  of  sills  in  the  flume  was  reduced  from  7  feet  to  33^ 
feet,  which  would  correspond  to  700  feet  and  350  feet  in  nature.  It 
should  be  noted,  however,  that  this  result  was  indicated  by  flume 
tests,  and  that  it  might  not  hold  for  the  conditions  that  occur  in  the 
river,  where  the  velocity  distributions  may  be  materially  changed 
by  the  construction  of  sills. 


Herbert  D.  Vogel 

1st  Lieutenant,  Corps  of  Engineers 
Director,  U.  S.  Waterways 
Experiment  Station 
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APPENDIX  A 

FLUME  TESTS  ON  1:100  MODEL  SILLS 
Synopsis 

1.  In  addition  to  the  tests  made  on  the  two  outdoor  models 
and  ill  the  large  indoor  flume,  which  are  described  in  the  body  of  this 
report,  certain  supplementary  experiments  were  made  in  a  tilting 
flume.  The  results  of  these  flume  tests  indicate  that: 

(a)  Sills  with  vertical  upstream  faces  produce  a  greater  back¬ 
water  effect  than  sills  with  sloping  upstream  faces. 

(b)  Within  the  range  of  conditions  tested,  the  backwater 
produced  by  an  individual  sill  is  not  affected  by  the  prox¬ 
imity  of  other  sills. 

(c)  The  principles  of  hydraulic  similitude  apply  to  these  sills. 

Purpose  of  Experiments 

2.  These  experiments  were  undertaken  in  order  to  obtain 
more  information  about  the  behavior  of  deeply  submerged  sills,  par¬ 
ticularly  with  regard  to  the  points  mentioned  in  the  synopsis.  Since 
it  was  very  much  simpler  and  easier  to  make  tests  in  the  flume,  they 
were  made  whenever  practicable  to  supplement  the  concurrent  tests 
on  the  undistorted  outdoor  river  model. 

Apparatus 

3.  A  general  sketch  of  the  apparatus  used  is  shown  on  Plate  11. 
Water,  measured  by  a  calibrated  triangular  weir,  flowed  down  a 
flume  2.4  feet  wide,  0.85  foot  deep,  and  45  feet  long,  in  which  model 
sills  were  placed.  A  movable  tailgate  at  the  lower  end  of  the  flume 
was  used  to  adjust  the  depth  of  the  water  to  any  desired  amount. 
Piezometer  openings,  at  7-foot  intervals  in  the  side  of  the  flume,  were 
connected  with  hook  gage  wells  where  water-surface  elevations 
could  be  measured.  A  movable  point  gage  mounted  on  a  frame 
sliding  on  rails  at  the  sides  of  the  flume  made  it  possible  to  determine 
water  levels  at  any  desired  intermediate  points. 

First  Series  of  Experiments 

Procedure : 

4.  Tests  were  made  to  find  the  backwater  produced  by  1 :100- 
scale  models  of  individual  sills  of  various  cross-sections,  as  shown 
on  Plate  11.  The  model  sills  tested  in  this  series  were  all  0.12  foot 
high  and  the  depth  of  water  in  the  flume  was  maintained  at  0.42 
foot,  in  simulation  of  a  12-foot  sill  in  a  42-foot  river  channel.  The 
velocities  in  the  flume  were  varied  to  simulate  the  different  velocities 
that  would  be  encountered  at  various  locations  in  the  river.  The 
results  of  these  tests  are  presented  in  Table  1  of  this  appendix. 
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Results : 

5.  It  may  be  seen  from  the  data  in  Table  1  that  the  backwater 
effect  is  dependent  on  the  shape  of  the  sill  cross-section  in  the  same 
general  way  as  was  indicated  by  the  river  model  tests.  It  was  found 
that,  for  the  same  size  of  sill  and  depth  of  water,  the  backwater  effect 
varies  as  the  square  of  the  mean  velocity  in  the  channel  approaching 
the  sill.  In  other  words,  the  value  of  K  (see  Appendix  B)  remains 
sensibly  constant  for  the  same  sill  when  water  flows  over  it  at  differ¬ 
ent  velocities. 


Second  Series  of  Experiments 


Procedure : 

6.  This  series  of  tests  was  made  to  find  the  effect  on  the  action 
of  one  sill  of  placing  others  near  it.  First,  five  sills  were  set  in  the 
flume  at  7-foot  intervals,  and  the  total  backwater  effect  was  meas¬ 
ured.  Then,  the  upstream  sill  was  removed,  and  the  new  backwater 
effect  was  measured.  Then  the  fourth,  third,  and  second  sills  were  re¬ 
moved  successively,  and  the  backwater  was  measured  after  each  re¬ 
moval.  This  procedure  was  followed  for  two  types  of  sills,  using  two 
velocities  for  each  type.  Finally,  nine  sills  were  set  in  the  flume 
at  33^-foot  intervals,  and  the  backwater  was  measured  as  they  were 
successively  removed.  Results  of  these  tests  are  listed  in  Table  2 
of  this  appendix. 

Results: 

7.  It  was  found  that  the  backwater  effect  of  one  sill  was  not 
reduced  when  other  sills  were  set  adjacent  to  it.  The  tests  showed, 
very  consistently,  that  the  backwater  effect  of  n  sills  was  equal  to  n 
times  the  effect  of  one  sill. 


Third  Series  of  Experiments 

Procedure : 

8.  These  tests  were  made  to  check  the  applicability  of  the 
theory  of  hydraulic  similitude  to  the  flow  over  submerged  sills.  Mod¬ 
els  of  a  sill  12  feet  high  in  a  42-foot  channel  were  made  to  scales  of 
1:60,  1:100,  and  1:120.  Using  the  proper  depths  of  water  in  the 
model  flume,  and  velocities  corrresponding  to  4  feet  per  second  in 
nature,  observations  of  backwater  effect  were  made  for  one,  two,  and 
three  sills,  for  each  of  the  three  sizes  of  sills.  Results  of  these  tests 
are  given  in  Table  3  of  this  appendix. 

Results : 

9.  In  Table  3,  the  observed  backwater  effects  for  the  model 
sills  have  been  transformed  to  the  corresponding  effects  in  nature 
by  dividing  the  model  effects  by  the  scale  ratio,  in  accordance 
with  the  theory  of  similitude.  It  is  to  be  noted  that  the  backwater 
effects,  as  expressed  in  natural  values,  show  but  little  variation —in 
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fact;,  what  variation  does  exist  can  reasonably  be  attributed  to  un¬ 
avoidable  errors  in  the  observation  of  the  very  small  differences 
measured  in  the  model  flume.  Therefore,  as  far  as  can  be  pre¬ 
dicted  from  these  tests  on  models  of  different  scales  (1 :60,  1  :i0O, 
and  1.T20),  the  relations  of  similitude  appl}^ 

Discussion  of  Similitude 

10.  A  further  check  on  the  validity  of  similitude  as  applied  to 
such  sills  is  obtained  from  a  comparison  t)f  these  data  wit  h  those  for 
the  earlier  flume  tests  on  1:16  scale  model  sills.  Sill  B-12  (see  Table 
1  of  main  report)  was  of  similar  shape,  and  was  tested  under  a  condi¬ 
tion  of  subinergcnce  similar  to  that  under  which  the  model  sills  of 
this  series  were  tested.  However,  sill  B-12  was  tested  for  a  velocity 
of  0.77  foot  per  second  in  the  flume,  which  corresponded  to  4  x  0.77 
=  .1.08  feet  per  second  in  nature,  whereas  these  later  sills  were 
tested  for  a  velocity  corresponding  to  4  feet  per  second  in  nature. 
The  observed  backwater  for  B-12  was  0.0071  foot.  As  was  observed 
in  ParagTaph  5,  this  appencli.x,  the  backwater  effect  varies  as  the 
square  of  the  velocity,  other  conditions  being  unchanged.  The  com¬ 
puted  backwater  of  sill  B-12  for  a  velocity  of  4  feet  per  .second 
would  then  be  0.0071  (4^/3.0S■’)  =0.0120  foot,  and  the  corresponding 
effect  in  nature  would  be  16.\0. 0120  =0.192  foot.  This  value,  ob¬ 
tained  from  data  for  a  1:16  model,  checks  the  values  obtained  from 
the.  1:60,  1:100,  and  1:120  model  .sills. 

T.hltLE  J,  APPENDIX  A 
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Flume  tests  on  1;)00  models  of  sills  12  feet  high  in  channel  42  feet  dee[). 


'type 

of 

Sill  * 

Upstream 

Face 

Downstream 

Face 

Model 

Data 

CniTesponding 
Natural  Data 

Velocity  in 
Channei  Ap¬ 
proaching  Sill 
ft.,' sec. 

I  Observed 
Itackwater 
Effect 
fl- 

1 

^  Velocity 

ft. /sec. 

Baclcwater 

Effect 

fl- 

Ti'ite  1 

1:1 

1:1 

0.400 

0.001 1 

4.00 

0.11 

0.573 

0.0020 

5.73 

0.20 

0.005 

0.0033 

6.95 

0..33 

TviXi  2 

6x5 

5x5 

0.400 

0.0013 

4.00 

0.13 

0.573 

0.0030 

5.73 

0.:30 

t).(')95 

0.0042 

6.95 

0.42 

Tyjje  3 

l.xC 

1:1 

0.400 

0.0012 

4.00 

0.12 

0.573 

0.00.39 

6.73 

0.39 

0.695 

0.0059 

6.95 

0.59 

Tvi>e  4 

Vertical 

Vertical 

0.400 

0.0020 

4.00 

0.20 

0.573 

0.0042 

5.73 

0.42 

0.695 

0.0062 

6.95 

0.62 

*  For  dimensions  of  sills,  see  Plate  11. 
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TABLE  2,  APPENDIX  A 


Boxkivater  Effects  of  Combinations  of  Sills 
Flume  tests  on  1  ;!00  models  of  sills  12,feet  high  in  channel  42  feet  deep. 


1 

i 

Model  Data 

Corresponding 
Natural  Data 

Number 
of  Sills 

Velocity  in 
Channel  ap¬ 
proaching  Sill 
ft. /sec. 

Total  Back¬ 
water  Effect 

ft. 

Backwater 
per  Sill 

fl. 

Velocity 

ft. /sec. 

Backwater 
per  Sill 

ft 

Tests  on  sill  1  (both  faces  1 :1  slopes) — sills  placed  at  intervals 
of  7  feet  in  the  model  flume. 

1 

0.400 

\  0.0010 

0.0010 

4.00 

0.10 

2 

(( 

0.fX)28 

0.0014 

(4  1 

0.14 

3 

tt 

i  0.0033 

0-0011 

ll 

0.11 

4 

it 

:  0.0040 

0.0010 

tt 

0.10 

5 

tl  1 

1  0.(K)55 

0.0011 

tt 

0.11 

1 

0.573 

0.0020 

0.0020 

5.73 

0.20 

2 

H 

!  0.0040 

0.002f) 

tt 

0.20 

3 

1  0.0070 

0.0023 

(( 

0.23 

4 

1 

0.0090 

0.0022 

tt 

0.22 

5 

u 

1  0.0101 

0.0020 

ti 

0.20 

Tests  on  sill  4  (both  fs/ies  vert  ical) — sills  phiced  at  interval 
of  7  feet  in  the  model  flume. 

s 

1 

0.400 

0.0020 

0.0020 

4.00 

0.20 

2 

li 

0.0041 

0.0020 

tt 

0.20 

3 

U 

0.0061 

0.0020 

tt 

0.20 

4 

it 

i  0.0079 

0.0020 

ti 

0.20 

6 

it 

0.0096 

0.0019 

ti 

\ 

0.19 

1 

0.573 

0.0047 

0.0047 

6.73 

0.47 

2 

tt 

0.0097 

0.0048 

it  1 

'  0.48 

3  ! 

it 

1  0.0131 

0.0044 

tt  1 

0.44 

4 

ti 

0.0176 

0.0044 

it 

0.44 

5 

it 

0.0220 

0.0044 

0.44 

Tests  on  sill  4  (both  faces  vertical) — sills  placwl  at  intervals 
of  3)^  feet  in  the  model  flume. 

1 

1  0.400 

0.0020 

0.0020 

1  4.00 

0.20 

2 

0.0041 

0.0020 

!  “ 

0.20 

3 

1  “  1 

0.0067 

0.0022 

<• 

0.22 

4 

1  ((  ' 

0.0088 

0.0022 

ft 

0.22 

5 

1 

0.0106 

0.0021 

t( 

0.21 

6 

i 

0.0126 

0.0021 

ii 

0.21 

7 

1  «  1 

0.0144 

0.0021 

tt 

0.21 

8 

i 

0.0163 

0.0020 

ti 

0.20 

9 

“  1 

0.0176  i 

0.0020 

it 

0.20 
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TABLE  3,  APPENDIX  A 

Backwater  Effects  of  Model  Sills  Built  to  Different  Scales 

Flume  tests  on  1 :60,  1:100,  and  1:120  models  of  sills  12  feet  high 
in  channel  42  feet  deep. 


Number 
of  Sills 

Model  Data 

Corresponding 
Natural  Data 

Velocity  in 
Channel  ap¬ 
proaching  Sill 
ft. /sec. 

Total  back¬ 
water  Effect 

ft.  i 

Backwater 
per  Sill 

ft- 

Velocity 

ft. /sec.  1 

1  Backwater 
per  Sill 

ft. 

Tests  on  1 :60  scale  model  sills,  type  6*  (both  faces  vertical),  placed  at  intervals 
of  7  feet  in  the  model  flume. 


1 

[  0.516 

0.0033 

0.0033 

4.00 

2 

1 

0.0061 

0.0030  I 

li 

3 

0.0084  1 

0.0028  1 

ll 

Tests  on  1 :100  scale  model  sills,  type  4*  (both  faces  vertical),  placed  ai 
of  7  feet  in  the  model  flume. 

1 

0.400 

0.0020 

0.0020 

4.00 

2 

0.0041 

0.0020 

U 

3 

0.0061 

0.0020 

0.20 

0.18 

0.17 


0.20 

0.20 

0.20 


Tests  on  1 :120  scale  model  sills,  type  5*  (both  faces  vertical),  placed  at  intervals 
of  7  feet  in  the  model  flume. 


1 

0.365 

0.0014 

0.0014 

!  4.00 

0.17 

2 

((  1 

0.0027 

0.0014 

0.17 

3 

1(  j 

0.0047 

0.0016 

(1 

0.19 

*  For  dimensions  of  sills,  see  Plate  11. 


30 


APPENDIX  B 
Computation  of  Effect  of  Sills 

1.  In  a  report  entitled  “Report  of  Proposed  Compensation 
Works  in  St.  Clair  River”,  by  Sherman  Moore,  Engineer,  of  the  U. 
S.  Lake  Survey,  the  effect  of  the  proposed  submerged  sills  was  com¬ 
puted  by  the  following  method: 

“12.  Methods  of  Computation:  In  computing  the  ef¬ 
fect  of  the  contemplated  submerged  sills  in  the  St.  Clair 
River,  the  St.  Lawrence  Board  assumed  that  the  fall  over 
each  sill  would  be  one-half  of  the  difference  in  velocity  head 
above  and  over  the  sill;  in  other  words  that  there  is  a  50  per 
cent  recovery  of  velocity  head  below  this  type  of  weir.  In 
the  present  analysis  the  same  assumption  has  been  made. 

_ It  follows  therefore  that  the  amount 

of  computed  backwater  rise  to  be  effected  by  the  sills  is  de¬ 
pendent  almost  wholly  upon  the  assumption  that  one-half 
the  head  above  each  sill  will  be  recovered  below  the  sill.  So 
far  as  is  known  there  are  no  existing  data  to  substantiate  this 
assumption.  _ 

“21.  As  pointed  out  in  Paragraph  12,  the  backwater 
resulting  from  the  proposed  sills  is  based  almost  wholly  on  an 
assumed  recovery  in  velocity  head  of  50  per  cent.  It  can  be 
conceded  that  there  will  be  some  recovery  and  that  the  re¬ 
covery  will  not  be  complete.  If  the  recovery  is  25  per  cent, 
only  two-thirds  as  many  sills  will  be  needed;  if  the  recovery  is 
75  per  cent,  twice  as  many  will  be  necessary _ ” 

Expressed  as  a  formula,  this  method  of  computation  may  be  written; 

Backwater  effect  =  — ^ where 

2g 

Vj  =  mean  velocity  of  water  flowing  over 
the  sill 

Vj  =  mean  velocity  of  water  in  river  channel 
approaching  the  sill,  and 

K  =  a  coefficient. 

For  reasons  stated  in  the  above  quotation,  an  arbitrary  value  of  Yi 
was  assigned  to  the  coefficient  K. 

2.  Since  this  method  of  computation  had  been  used  in  plan¬ 
ning  the  project,  it  was  considered  desirable  to  express  the  results  of 
the  flume  and  model  tests  made  at  the  U.  S.  Waterways  Experiment 
Station  in  terms  of  this  backwater  formula  as  an  indication  of  how 
far  its  use  might  be  justified.  The  values  of  the  coefficient  K  that 
were  computed  from  the  results  of  the  tests  are  listed  in  Tables  1,  2, 
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and  3,  this  appendix.  In  making  this  computation,  the  value  of 


(v’“ _ Vi;) 

— - ^  was  first  found  for  each  sill.  The  observed  backwater 

2g 

effect  for  any  run  divided  by  the  summation  of  these  values  of 
for  each  sill  used  was  taken  then  as  the  value  of  K. 


No  “reflection”  coefficient  was  introduced  to  express  the  relation  be¬ 
tween  the  backwater  produced  at  the  sites  of  the  sills  and  that  result¬ 
ing  in  Lake  Huron,  as  had  been  done  in  the  computations  for  back¬ 
water  effect  in  the  report  referred  to  at  the  beginning  of  the  preceding 
paragraph.  Such  a  coefficient  would  have  had  a  value  only  slightly 
less  than  unity  for  these  sills;  its  omission  therefore  has  had  little 
effect  on  the  results. 

3.  The  data  in  Tables  1,  2,  and  3  indicate  that  the  value  of  K 
has  a  somewhat  definite  relation  to  the  shape  of  the  sill,  and  that  it 
varies  considerably  for  different  sill  cross-sections.  The  values  of  K 
for  the  flume  tests  are  rather  consistently  higher  than  the  values  for 
similar  sills  in  the  river  model.  This  is  presumably  due  to  the  differ¬ 
ence  between  conditions  of  flow  in  the  flume,  where  velocities  were 
quite  uniform  in  magnitude  and  direction  over  all  the  cross-section, 
and  in  the  model,  where  velocities  varied  in  both  magnitude  and 
direction,  in  accordance  with  those  in  the  river.  These  irregularities 
in  velocities  and  other  factors  were  so  pronounced  in  this  problem, 
as  in  many  others,  that  the  reliable  evaluation  of  the  backwater  effect 
did  not  appear  to  be  possible  without  a  river  model  study. 
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TABLE  1,  APPENDIX  B 
Coefficients  in  St.  Clair  Sill  Formula 
Values  computed  from  results  of  flume  tests  on  individual  sills. 


Type  of  Sill 

Reference 

Model 

Scale 

Va 

(Velocity 

in 

Channel 
without 
Sill) 
ft. /sec. 

2  2 
Vj-V,, 

Ob¬ 

served 

Back¬ 

water 

K 

Upstream 

Face 

Down¬ 

stream 

Face 

Type 

Plate 

No, 

Text 

2g 

Vertical 

Vertical 

B-12 

I 

Par.  19 

1:16 

0.780 

0.0090 

0.0071 

0.79 

il 

(( 

B-7 

I 

“ 

1:16 

0.780 

0.0048 

0.0026 

0.64 

(1 

(( 

6 

II 

App.  A 

1:60 

0.516 

0.0040 

0.0028 

0.70 

“ 

H 

4 

II 

« 

1:100 

0.400 

0.0024 

0.0020 

0.83 

ll 

“ 

4 

II 

1:100 

0.573 

0.0048 

0.0042 

0.88 

it 

{< 

4 

II 

(i 

1:100 

0.695 

0.0072 

0.0062 

0.86 

tl 

(( 

5 

II 

“ 

1 :120 

0.365 

0.0020 

0.0016 

0.80 

(< 

1:3 

C-12 

I 

Par.  19 

1:16 

0.780 

0.0090 

0.0072 

0.80 

(( 

1:3 

C-7 

I 

il 

1:16 

0.7S0 

0.0048 

0.0037 

0.77 

6x1 

1:1 

3 

II 

App.  A 

1:100 

0.400 

0.0024 

0.0012 

0.50 

6x1 

1:1 

3 

II 

“ 

1:100 

0.573 

0.0048 

0.0039 

0.81 

6x1 

1:1 

3 

II 

1:100 

0.695 

0.0072 

0.0059 

0.82 

1:1 

Vertical 

D-12 

I 

Par.  19 

1:16 

0.780 

0.0090 

0.0021 

0.23 

1:1 

H 

D-7 

I 

“ 

1:16 

0.780 

0.0048 

0.0007 

0.15 

5x5 

5x5 

2 

II 

App.  A 

1:100 

0.400 

0.0024 

0.0013 

0.54 

5x5 

5x6 

2 

II 

“ 

1:100 

0.573 

0.0048 

0.0030 

0.62 

6x5 

6x5 

2 

II 

1:100 

0.695 

0.0072 

0.0042 

0.58 

1:3 

1:3 

A-12 

I 

Par,  19 

1:16 

0.780 

0.0090 

0.0010 

0.11 

1:3 

1:3 

A-7 

I 

“ 

1:16 

0.780 

0.0048 

0.0007 

0.15 

1:1 

1:1 

1 

II 

App.  A 

1:100 

0.400 

0.0024 

0.0011 

0.46 

1:1 

1:1 

1 

II 

“ 

1:100 

0.573 

0.0048 

0.0020 

0.42 

1:1 

1:1 

1 

II 

a 

1:100 

0.695 

0.0072 

0.0033 

0.46 

TAHLE  2,  APPENDIX  B 
CoefficienU  in  Si.  Clair  SiU  Formula 
Values  computed  from  iiesults  of  tests  on  distorted  model. 
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Numlxjrs 

of 

Sills  in 
Model 

'  T.vpe  of  Sill  1 

Value  of  Coefficient  K 

1 

Upstream 

Face 

!  j 

Downstream 

Face 

1  Q*’  = 

170.000 
c.  f.  s. 

(i„  = 
194,000 
c.  f.  s. 

Q..  = 
220.000 
c.  f.  s. 

1-8 

Vertical 

Vertical 

0.51 

0.55 

0.5t) 

1-8 

1:3 

1:3 

0.16 

1-8 

1:1 

1:1 

0.45 

2-7 

1  Vertical 

V  ertical 

0.59 

0.68 

2-5,  7 

i 

<1 

I< 

1 

0.60 

0.01 

2-5 

(1 

U 

0.50 

0.61 

0.(i2 

2,  4,  (i.  8 

ii 

u 

0.62 

2,  (1-8 

“  i 

n 

0.48 

1-8 

/Part  Vert.  ! 
1  "  1 :3 

Part  Vert,.\ 

'■  1 :3  / 

0.31 

1-8 

/Part  Vert. 

(  “  1:1 

Part  Vert.  L 
“  1:1  / 

0.51 

1-8 

Vertical 

1:3 

0.49 

1-8 

1:3 

Vertical 

0.20 

1-8 

Vertical 

1:1 

0.58 

1-8 

1:1 

Vertical 

0.41 
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TABLE  3,  APPENDIX  B 
Coefficients  in  St  Clair  Sill  Formula 
Values  computed  from  results  of  tests  on  undistorted  model. 


Numbers 

of 

Sills  in 
Model 

Type  of  Sill  ] 

Value  of  Coefficient  K 

Upstream 

Face 

Downstream 

Face 

Qn  =  ' 

170,000 
c.  f.  s. 

Qn  = 
194,000 

0.  f.  s. 

Qn  = 
220,000 
c.  f.  s. 

1-8 

Vertical 

Vertical 

0.62 

0.59 

0.62 

1-8 

“ 

1:1 

0.60 

1-8 

1:3 

0.63 

1-8 

1:1 

1:1 

0.60 

1-8 

1:3 

1:3 

0.28 

1-8 

1x6 

1:1^ 

0.61 

1-8 

1x5 

1:2 

0.63 

0.69 

0.60 

1-8 

1x5 

1:3 

0.61 

0.51 

0.63 

1-8 

5x5 

1:1M 

0.48 

1-8 

5x5 

1:2 

0.48 

1-8 

/  5x5  \ 

1:2 

0.44 

1  1:1  / 

1-8,  7B 

1:1 

1:2 

0.46 

1-8,  7B 

1x5 

1:2 

0.63 

0.64 

0.68 

1-8,  7B 

6x5 

1:2 

0.56 

0.45 

0.47 

1-8,  7B 

6x6 

1:3 

0.46 

1-4,  5A,  5B, 

1x5 

1:2 

0.61 

0.60 

0.59 

6-8 

1-4,  6A,  5B, 

6x6 

1:2 

0.51 

0.62 

0.48 

6-8 

l,2A,2B,3-8 

6x6 

1:2 

0.40 

1,  2A,2B,  3-8 

5x5 

1:3 

0.41 

1,  2A,2B,  3-8 

6x6 

1:3 

0.39 

7B 
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APPENDIX  C 

Summary  of  Data  Observed  in  Experiments 

1.  These  tables  present  in  detail  the  essential  parts  of  the  ex¬ 
perimental  data  observed  in  all  the  regular  runs  on  the  large  indoor 
flume  (Table  1)  and  on  the  distorted  outdoor  river  model  (Table  2). 
A  tabuLation  of  similar  data  for  all  the  595  runs  on  the  imdistorted 
river  model  is  not  included  in  this  report,  but  data  for  typical  runs 
for  the  various  combinations  tested  are  presented  in  Table  3. 


TABLE  I,  APPENDIX  C 
Summary  of  Backwater  Data — Flume  Tests 
Model  Scale  - 1  :l& 


Run 

No. 

Sill  Tested 

Velocity  at 
site  of  sill 

fl.lsec. 

Fall  from 
Sta.  +20 
to  Sta.  — 20 
ft. 

Backwater 

in 

Flume 

ft. 

Type 

Upstream 

Pace 

Downstream 

Face 

1 

None 

i 

0.774 

0.0023 

2 

A-12 

1:3 

1:3 

1.087 

0.0030 

0.0007 

3 

A- 12 

1:3 

1:3 

1 .092 

0.0033 

0.0012 

4 

None 

0.772 

0.0021 

5 

1  (( 

0.774 

0.0022 

6 

D-12 

1 :3 

Vertical 

1.086 

0.0043 

0.0021 

7 

D-12 

1:3 

<< 

1.089 

0.0039 

0.0016 

8 

None 

0.772 

0.0023 

33 

0.771 

0.0016 

34 

D-12 

1:3 

Vertical 

1.078 

0.0040 

0.0026 

9  I 

None 

0.773 

0.0032 

10  i 

C-12 

Vertical 

1:3 

1.098 

0.0095 

0.0063 

11 

C-12 

1:3 

1.097 

0.0100 

0.0080 

12 

None 

0.776 

0.0020 

13 

0.774 

0.0024 

14 

B-12 

Vertical 

Vertical 

1.089 

0.0092 

0.0068 

16 

B-12 

!  ‘‘ 

1.086 

0.0092 

0.0073 

16 

None 

0.773 

0.0019 

17 

! 

0.770 

0.0015 

18 

A-7 

1:3 

1:3 

0.956 

0.0023 

0.0008 

19 

A-7 

1:3 

1:3 

0.958 

0.0025 

0.0008 

20 

None 

0.772 

0.0017 

37 

H 

0.772 

0.0014 

38 

A-7 

1  1:3 

1:3 

0.957 

0.0023 

0.0009 

39 

A-7 

1:3 

1:3 

0.957 

0.0028 

0.0002 

40 

None 

0.775 

0.0026 

21 

0.772 

0.0024 

22 

D-7 

1:3 

Vertical  | 

0.959 

0.0026 

0.0002 

23 

D-7 

1:3 

Ci 

0.958 

0.0026 

0.0007 

24 

None 

0.773 

0.0019 

35 

n 

0.772 

0.0016 

36 

D-7 

1:3 

Vertical 

0.953 

0.0027 

0,0011 

25 

None 

1:3 

0.773 

0.0018 

26 

C-7 

Vertical 

1:3 

0.962 

0.0054 

0,0036 

27 

C-7 

(( 

1:3 

0.958 

0.0054 

0.0037 

28 

None 

0.772 

0.0017 

29 

0.773 

0.0016 

30 

B-7 

Vertical 

Vertical 

0.951 

0.0043 

0.0027 

31 

B-7 

(C 

(( 

0.951 

0.0046 

0.0026 

32 

None 

0.967 

0.0021 

TABLE  2,  APPENDIX  C 
Summary  of  Backwater  Data — DiHaried  Model. 


Vertical  scale  1:30;  Horizontal  scale  1:100 


Run 

No. 

Discharge 

in 

Model 

Qm 

C.  f.  S. 

Ratio, 
Model  (J 
to 

Natural 

Q 

Numlaers 

of 

Sills 

in 

Model 

Type  of  Sills 

Honk  (lage  Readings 

Backwater 

Upijtreain 

Pace 

Downstream 

Face 

Lake 

Si- 

Black 

River 

Si. 

Differ¬ 

ence 

St- 

From 

Runs 

Observed 
in  Model 

St. 

Corresponding 
in  Nature 
ft. 

Natural  Discharge  (Q  )  =  194,000  c.  f.  s. 

11 

13.4 

1:14,500 

0 

1.5148 

1.4736 

0.0412 

16 

13.4 

1:14,500 

0 

1 .5170 

1 .4765 

0.0415 

22 

13.5 

1:14,400 

0 

1.5168 

1 .4744 

0.0414 

27 

13.4 

1:14,600 

0 

1.5129 

1.4731 

0.0398 

43 

13.6 

1:14,300 

0 

1.5133 

1.4729 

0.0404 

49 

13  5 

1:14,400 

0 

1.5146 

1.4755 

0.0390 

54 

13.6 

1:14,300 

0 

1.5154 

1.4773 

0.0381 

55 

13.6 

1:14,300 

0 

1 .5129 

1.4741 

0.0,388 

61 

13.6 

1:14,300 

0 

1 .6122 

1.4731 

0.0391 

12 

13.5 

1:14,400 

1-8 

Vertical 

Vertical 

I . 5442 

1.4761 

0.0681 

11,  12 

0.0269 

0.81 

19 

13.5 

1:14,400 

1-8 

1.5396 

1.4727 

0.0669 

16,  19 

0.0254 

0.76 

44 

13.6 

1:14,300 

1-8 

tl 

tl 

1.6438 

1 .4775 

0.0663 

44,  49 

0.0273 

0.82 

60 

13.6 

1:14,300 

1-8 

It 

1.5384 

1 .4725 

0.0659 

65.  60 

0.0271 

0.81 

13 

13.5 

1:14,400 

1-8 

1:3 

1  *3 

■1.5268 

1.4790 

0.04781 

1 J  13 

/0.0066 

0.201 

11.5244 

1 .4780 

0.0464f 

10.0052 

0.16/ 

45 

13.6 

1:14,400 

1-8 

1:3 

1:3 

1.6226 

1 .4749 

0.0477 

45,  49 

0.0087 

0.26 

14 

13.5 

1:14,400 

1-8 

1:1 

1  *1 

i 1 . 5368 

1.48,35 

0.05331 

1 1  14 

/0.0121 

0.36\ 

\ 1.6373 

1.4841 

0.0532/ 

\0.0120 

0.30/ 

15 

13.5 

1:14,400 

1-8 

1:1 

1:1 

1.6317 

1.4781 

0.0536 

11,  15 

0.0124 

0.37 

50 

13.5 

1:14,400 

1-8 

1:1 

1:1 

1  .,5414 

1 .4814 

0.0600 

50,  54 

0.0219 

0.66 

57 

13.6 

1:14,300 

1-8 

1:1 

1:1 

1 .6317 

1.4716 

0.0602 

55,  57 

0.0214 

0.64 

53 

13.6 

1:14,300 

1-8 

Vertical 

1:1 

1 . 5473 

1 .4810 

0.0663 

.53,  54 

0.0282 

0.85 

56 

13.6 

1:14,300 

1-8 

H 

“ 

1.6389 

1.4724 

0.0666 

65,  56 

0.0277 

0.83 

Natural  Discharge  (Qn)  =  194,000  c.  f.  s. 

47 

13.6 

1:14,300 

1-8 

Vertical 

1:3 

1.6411 

1.4784 

0.0627 

47,  49 

0.0237 

0.71 

51 

13.6 

1:14,300 

1-8 

1:1 

Vertical 

1.6387 

1.4807 

0.0580 

51,  54 

0.0199 

0.60 

58 

13.6 

1:14,300 

1-8 

1:1 

1.6283 

1.4702 

0.0581 

55,  58 

0.0193 

0.58 

TABLE  2,  APPENDIX  C-Omtinued. 


Summary  of  Backwaler  Data — Distorted  Modd. 
Vertical  ^cale  1:30;  Horizontal  scale  1:100 


Run 

No. 

Discharge 

in 

Ratio, 
Model  Q 
to 

Natural 

Numbers 

of 

Type  of  Sills 

Hook  Gage  Readings 

Backwatei' 

Model 

Sills 

in 

Ulj.stre.am 

Down.stream 

Lake 

Black 

River 

Differ¬ 

ence 

From 

Runs 

Observed 
in  Model 

Corr&sponding 
in  Nattire 

c.  f.  s. 

Q 

Model 

Face 

Face 

ft. 

ft. 

ft. 

ft. 

ft. 

Natural  Di.scharge  (Qn) 

=  194,000 

c.  f.  s. — Continued. 

48 

13.6 

1:14,300 

1-8 

1:3 

V’  crtical 

1.5295 

1.4783 

0.0512 

48,  49 

0.0122 

0.37 

52 

13.6 

1:14,300 

1-8 

/Part  vert. 

;  “  1:1 

Part  vert.  \ 

“  1:1  / 

Part  vert.  >, 

“  1:1  / 

1.5418 

1.4806 

0.0612 

52,  54 

0.0231 

0,69 

59 

13.6 

1:14,300 

1-8 

/Part  vert. 

1  “  1 :1 

1.5369 

1.472f> 

0.0643 

55.  69 

0.0255 

0.70 

46 

13.6 

1:14,300 

1-8 

/Part  vert. 
\  "  1 :3 

Part  vert.  \ 

"1:3  / 

1.5313 

1.47G2 

0.0551 

46,  49 

0.0151 

0.45 

17 

13.5 

1:14.400 

2,  4,  6, 8 

V'ei  tical 

V'ertical 

1.5356 

1.4810 

0.0546 

16,  17 

0.0131 

0,39 

18 

13.5 

1:14,400 

2,  4, 6,  8 

( i 

(( 

1,. 5.300 

1 .4743 

0.05.57 

16,  18 

0.0142 

0.43 

21 

13.5 

1:14,400 

2, 6, 7,  8 

1  i 

“ 

1 . 5252 

1.4739 

0.0513 

16,  21 

0.0098 

0.29 

29 

13.4 

1:14,500 

2,3,4, 5, 7 

(i 

f  ( 

1 . 6360 

1.4770 

0.0590 

27,  29 

0.0102 

0.68 

20 

13.5 

1:14,400 

2,  3, 4,  5 

(i 

1 . 5322 

1.4736 

0.0.586 

16,  20 

0.0171 

0.51 

28 

13.5 

1:14,400 

2-7 

it 

1.5370 

1.4755 

0.0621 

27,  28 

0,0223 

0.67 

62 

13.6 

1:14, .300 

1-8 

« 

it 

1 . 5303 

1.4762 

0.0541 

61,  62 

0.0150 

0.45 

Crests  lowered  5  ft. 

Natural  Dischai-ge  (Qn)  =  220,000  c.  f.  a. 

30 

14.5 

1:15,200 

0 

1.5679 

1 . 5248 

0.0431 

34 

14.6 

1:15,200 

0 

1.5682 

1.5257 

0.0425 

38 

14.6 

1:15,100 

0 

1.5664 

1 , 5260 

0.0404 

42 

14.6 

1:15,100 

0 

1 . 5659 

1.5251 

0.0408 

31 

14.5 

1:16,200 

1-8 

Vertical 

Vertical 

1  5955 

1.5276 

0.0679 

30,  31 

0.0248 

0.74 

39 

14.6 

1:15.100 

1-8 

“ 

" 

1.5943 

1.5246 

0,0697 

38,  39 

0.0293 

0.88 

OJ 

OO 


TABLE  2,  APPENDIX  C-  Continued. 


Summary  of  Backwater  Data — Distorted  Model, 
Vertical  scale  1:30;  Horizontal  .scale  1:100 


Run 

No. 

i 

Discharge 

in 

Model 

Qm 

C.  f.  S.  j 

Ratio, 
Model  Q 
to 

Natural 

Q 

iNumbei'si 
i  of 

1  Sills 
i  in 
i  Model 

Type  of  Sills  i 

Hook  Gage  Readings 

Backwater 

Upstream 

Face 

Downstieain 

Face 

Lake 

ft- 

Black 

River 

ft. 

Differ¬ 

ence 

ft- 

From 

Runs 

Observed 
in  Model 
ft- 

Corresponding 
in  Nature 

ft- 

Natural 

Discharge  (Qn) 

=  220,000 

c.  f.  8. — Continued. 

33 

I  14.5 

1:15,200 

2-5,7 

H 

({ 

1.5878 

1.5249 

0.0029  1 

30,  .33 

0.0198 

0.59 

40 

14.6 

1:16,100 

2-5,7 

tt 

It 

1.6884 

1 .5255 

0.0629 

38,40 

0.0225 

0.68 

32 

14.5 

1:15,200 

2-5 

ti 

“ 

1.5834 

1,5245 

0.0589 

30,32 

i  0.0158 

0.47 

41 

14.6 

1:15,100 

2-5 

t* 

{1 

1.5847 

1.6266 

0.0591 

38,41 

1  0.0187 

0.56 

Natural  Discharge  (Qu)  =  170,000  o.  f.  s. 


23 

26 

35 

11.0 

10.9 

10.9 

1:15,500 

1:15,600 

1:15,600 

0 

0 

0 

i 

1 

i 

1.4643  ' 
1.4606 

1.4644 

1 . 4336 
1.4,337 

1 . 4353 

0.0307 

0.0269 

0.0291 

24 

10.9 

1:15,600 

1-8 

Vertical 

Vertical 

1.4823 

1.4.346 

0.0477 

23,24 

0.0170 

0.51 

36 

10.9 

1:15,600 

1-8 

(( 

“ 

1.4849 

1.4374 

0.0475 

35,  36 

0.0184 

0.55 

25 

10.9  i 

1:15,600 

2-5 

tt 

(< 

1.4749 

1.4.343 

0.0406 

23,  25 

0.0099  ! 

1 

0.30 

37 

10.9 

1:15,600 

2-7 

U 

(< 

1.4809 

1.4355 

0.0454 

35  37  ! 

0.0163 

049 

Notes: 

To  convert  the  hook  gage  readings  given  in  TaWe  2  to  M.  S.  L.  elevations,  multiply  the  hook  gage  readings  by  30,  and  add  the  product 
to  535.20.  For  e.xample,  in  Run  No.  11  the  average  reading  ol  the  Lake  hook  giige  was  1.5148,  so  the  corresiwnding  M.  S.  L.  elevation  would 
he  1.5148  X  30  +  536.20  =  580.04. 

In  Runs  Nos.  46,  52,  and  59,  the  sills  had  vertical  faces  in  the  deep  parts  of  the  channel  and  sloping  faces  in  the  shallow  parts.  The  deep 
sections  of  sills  1,  3,  4,  and  5,  on  the  Canaiiian  side,  were  made  with  vertical  faces,  while  the  remaining  sills  and  sections  of  sills  were  made  with 
sloping  faces  as  indicated  in  the  table.  In  general,  the  sills  had  vertical  faces  when  theu-  height  exceeded  18  feet. 

In  Run  No.  62,  the  crests  of  all  sills  were  made  5  feet  (0.167  foot  in  the  model)  lower  than  the  elevations  given  in  Table  2  of  the  main 
report,  which  weie  u.sed  in  all  other  tests. 
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TAMLE  3,  APPENDIX  C 

Sxtmmary  of  Backtva(er  Data — UndistoTUd  Model 


Vertical  scale  1:UX);  Plorizontiil  scale  1:100 


Num¬ 

bers 

t)f 

Sills 

in 

M(xlel 

Type  of  Sills 

[  Hook  Gage  RcaJings 

Backwater 

Up¬ 

stream 

Face 

Dow  11- 
stieani 
Face 

1 

I^ake 

Huron 

ft- 

Mouth 

Black 

River 

/<• 

Differ¬ 

ence 

ft. 

Ob.scrvec 

in 

Model 

fi. 

Corres¬ 

ponding 

in 

Nature 

ft. 

Run 

No. 

0 

1-8 

Vertical 

Natural 

Vertical 

Discharge 

1.8412 

1.8471 

(Qn)  = 

1.8285 

1.8285 

220,000  c 

0.0127 

0,0186 

.  f.  s. 

0.0059 

0.59 

163N 

164N 

0 

1-8 

Vertical 

1:1 

1.8425 

1.8485 

1.8297 

1.8298 

0.0129 

0,0187 

0.00.58 

0.58 

172N 

173N 

0 

1-8 

Veitical 

1:3 

1 .8402 
1.8473 

1.8276 

1.8285 

0.0126 

0.0188 

0.0062 

0.62/ 

18  IN 
179N 

0 

1-8 

1:1 

1:1 

1.8415 

1.8459 

1.8286 

1.8200 

0.01.30 

0.0179 

0.0049 

1 

0.49 

180N 

I07N 

168N 

0 

1-8 

1:3 

1:3 

1.8414 

1.8437 

1.8288 

1.8284 

0.0126 

0,0153 

0.0027 

0,27 

176N 

177N 

0 

1-8 

1x5 

1.8409 

1.8470 

1.8277 

1.8277 

0  01.32 
0.0193 

0.0061 

0.61 

479N 

47SN 

0 

1-8 

1  x5 

1:2 

1.8409 

1.8467 

1.8278 

1.8277 

0,0131 

0.0190 

0.00.59 

0.59 

468N 

469N 

0 

1-8 

1x5 

1:3 

1 .8410 
1.8466 

1.8275 

1.8277 

0.01.35 

0.0180 

0.00.54 

0,54 

401 N 
403N 

0 

1-8 

1x5 

1:1)4 

1.8419 

1.8459 

1.8292 

1.8285 

0.0127 

0,0174 

0.0047 

0.47 

142N 

144N 

0 

1-8 

5x5 

1:2 

1.8407 

1.84.53 

1.8278 

1.8275 

0.0129 

0.0178 

0,0019 

0.49 

292N 

293N 

0 

1-8 

5x5,  1 :1 

1:2 

1.8408 

1.8441 

1.8282 

1.8272 

0.0126 

0,0169 

0.0043 

0.43 

192N 

195N 

<) 

1-8,  7B 

1:1 

,:2 

1 .8408 
1.8455 

1 .8282 
1.8280 

0.0126 

0.0176 

0,0019 

0.49 

22SN 

227N 

0 

1-8,  7B 

1x5 

1:2 

1.8405 

1.8455 

1.8275 

1.8273 

0.0130 

0,0192 

0.0062 

0.62 

45  IN 
152N 

0 

1-8,  7B 

5x5 

1:2 

1.8410 

1.8453 

1.8280 

1.8282 

0.0130 

0.0181 

0.(X)5I 

0.51 

204N 
207  N 

0 

1-8,  7B 

5x5 

1:3 

1.8408 

1.84f«) 

1.8282 

1.8285 

0.0126 

0,0175 

0.(X)49 

0.49 

228N 

229N 

0 

1.8409 

1.8275 

0.0134 

443N 

1-4,  5A 

5B,  6-8 

1x5 

1:2 

1.8477 

1.8277 

0,0200 

0.0066 

0.66 

444N 

0 

1 .8400 

1.8265 

0.0135 

.319N 

1-4,  5A, 

5B,  5-8 

5x5 

1:2 

1.8450 

1.8250 

0.0190 

0.1X1.55 

0.55 

317N 

40 


TABLE  3,  APPENDIX  C— Continued. 
Summary  of  Backwater  Data — Undislorted  Model 
Vertical  scale  1:100;  Horizontal  .scale  1:100 


Num¬ 

bers 

of 

Sills 

in 

Model 

1  Type  of  Sills  I 

[  Hook  Gage  Readings 

Backwater 

Ui> 

stream 

Face 

Down¬ 

stream 

Face 

Lake 

Huron 

_/l- _ 

Mouth 

Black 

River 

ft. 

Differ¬ 

ence 

.ft. 

Observed! 

in 

Model 

ft. 

Corres¬ 

ponding 

in 

Nature 

ft. 

Run 

No. 

Natural  Di.scharge  (Qn)  =  220,000  c.  f.  s. — Continued. 


0  1 

1.8408 

I  1.8282 

0.0120 

j 

210N 

1.2A,  1 
2B,  3-8 

5x6 

1:2 

1.8452 

1 

'  1.8277 

0.0175 

0.0049 

0.49 

212N 

i 

0  1 

1 

1.8419 

1.8292 

i  0.0127 

233N 

1,  2A,  1 
2B,  3-8  j 

5x5 

1:3 

1.8405 

1 .8286 

0.0179 

0.0052 

0.52 

234N 

0 

1,  2A,  j 
2B,  3-8, 

1.8410 

1,8280  1 

i 

0.0130 

237N 

236N 

7B  ! 

5x5 

1:3 

'  1.8460 

1.8280  ' 

0.0180 

0.0050 

0.60 

Natural  Discharge  (Qn)  =  194,000  c.  f.  .s. 


0 

1  1.8240 

1.8125 

0.0115 

492N 

1-8 

Vertical 

Vertical 

1 .8291 

1.8126 

0 . 0165 

0.0050 

0.50 

493N 

0 

1.8245 

1.8133 

0.0112 

429N 

1-8 

1x5 

1:2 

1.8306 

1.8140 

0.0166 

0.0054 

0.54 

430N 

0 

1.8238 

1.8123 

0.0115 

239N 

1-8 

1x5 

1:3 

1.8280 

1.8120 

0.0160 

0.0045 

0.45 

240N 

0 

1.8239 

1.8124 

0.0115 

355N 

1-8, 7B 

1x5 

1:2 

1.8303 

1.8126 

0.0177 

0.0062 

0.62 

35SN 

0 

1.8243 

1.8125 

0.0118 

384N 

1-8, 7B 

5x5 

1:2 

1.8290 

1.8128 

0.0161 

0.0043 

0.43 

386N 

0 

1.8248 

1.8134 

0.0114 

438N 

1-4,  5A, 
5B,  6-8 

1x5 

1:2 

1.8310 

1.8136 

0.0174 

0.0060 

0.60 

439N 

0 

1-4, 5A, 

1.8243 

1.8125  j 

0.0118 

I 

3S4N 

5B,  6-8 

5x5 

1:2 

1.8300 

1.8132 

0.0168 

i  0.00.50 

0.50 

387N 

Natural  Discharge  (Qn)  =  170,000  c.f.  s. 


0  1 
1-8 

Vertical 

Vertical 

1.8115 

1.8100 

1  1.8020 
^  1.8020 

0.0095 

0.0140 

0.0045 

0.45 

1  503N 
504N 

0 

1-8 

1x5 

1:2 

1.8101 

1.8158 

:  1.8006 
1.8014 

0.0095 

0.0144 

0.0049 

0.49 

457N 

458N 

0 

1-8 

1x5 

1:3 

1.8100 

1.8145 

1.8005 

1.8004 

0.0095 

0.0141 

0.0046 

0.40  ; 

258N 

256N 

0 

-8,  7B 

1x5 

1:2 

1.8113 

1.8105 

1.8015 

1.8015 

0.0098 

0.0150 

0.0052 

0.52 

376N 

1  372N 

41 


TABLE  3,  APPENDIX  C— Continued. 
Summary  of  Backwater  Data — Undislorled  Mwlel 


Vertical  scale  DUX);  Horizontal  scale  1:100 


Num- 

Type  of  Silks  j 

Hook  Gage  Readings 

Backwater 

of 

Sills 

in 

Model ; 

Up¬ 

stream 

! 

Down-  '■ 
stream 

!  Lake 
j  Huron 

Mouth 

Black 

River 

ft. 

Differ¬ 

ence 

OIrservetl 

in 

Mtxlcl 

Corres¬ 

ponding 

in 

Run 

No. 

Face 

Face 

i  ! 

!  ft. 

ft. 

ft. 

Nature 

ft. 

Natural  Discharge  Qn  —  170,000  c.  f.  s. — Continued. 


0  ! 

1.8100 

1.8003 

0.0097 

377N 

1-8,  7B  ' 

1 

5x5 

1:2 

1.8153 

1.8010 

0.0143 

0.0040 

0.40 

378N 

0 

1.8109 

1 .8013 

0.0090 

333N 

1-4,  5A,i 
5B,  6-8  , 

1x5 

1:2 

1.8173 

1.8022 

0.0151 

0.0055 

0.55 

335N 

0  i 
1-4,  5A,i 
5B.  (>-8  ! 

1.8100 

1 .8003 

0.0097 

377N 

5x5 

1:2 

1.8151 

1 .8010 

0.0141 

0.0044 

0.44 

3S0N 

Note: — To  c<.)nvert  mixlel  giige  readings  to  M.  S.  J.,  elevation.s,  iidd  3.981  to  the 
gage  reading  and  multiply  the  sum  by  100.  For  example,  in  Run  No.  380N  the 
average  reading  of  the  Lake  Hook  gage  was  1.8151,  so  tlie  coriesponding  M.  S.  L. 
elevation  would  be  100  x  (1.8151  3.981)  —  579.01  feet. 
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APPENDIX  D 

COMPARISON  OF  RESULTS  FROM  THE  DISTORTED 
AND  UNDISTORTED  MODELS 

Synopsis 

1.  After  the  completion  of  the  tests  on  which  the  foregoing 
sections  of  this  report  are  based,  further  special  tests  were  made  on 
the  existing  undistorted  model,  so  that  the  results  might  be  compared 
more  directly  with  those  indicated  by  the  earlier  distorted  model. 
When  operating  conditions  for  the  undistorted  model  were  made  as 
nearly  as  possible  the  same  as  those  that  had  existed  for  the  distorted 
model,  it  was  found  that: 

(a)  For  sills  with  both  faces  vertical,  the  backwater  effects 
indicated  by  the  two  models  were  sensibly  the  same. 

(b)  For  sills  with  1:1  slopes  on  both  upstream  and  down¬ 
stream  faces,  the  backwater  effects  were  also  the  same. 

(c)  For  sills  with  1:3  slopes  on  both  faces,  the  backwater  in¬ 
dicated  by  the  undistorted  model  was  about  twice  that 
for  the  distorted  model. 

Conditions  for  Tests  on  Distorted  Model 

2.  The  procedure  followed  in  making  tests  on  the  distorted 
model  is  described  in  Paragraph  27  of  the  body  of  this  report.  Briefly, 
this  procedure  was  as  follows:  After  the  model  channel  had  been 
roughened  as  much  as  appeared  practicable,  the  model  discharge 
was  adjusted  until  the  natural  water-surface  profile  was  propeiiy 
simulated.  Backwater  effects  were  found  by  comparing  runs  made 
with  and  without  sills.  The  model  discharges  used  exceeded  the 
theoretical  values  by  5%,  14%,  and  9%  for  natural  discharges  of. 
170,000,  194,000,  and  220,000  c.  f.  s.,  respectively. 

Conditions  for  Regular  Tests  on  Undistorted  Model 

3.  The  procedure  followed  in  making  regular  tests  on  the  un¬ 
distorted  model  is  described  in  Paragraph  35  of  the  body  of  this  re¬ 
port.  In  these  tests  the  model  discharge  was  first  set  at  the  value 
indicated  by  the  theory  of  similitude  (Qm=  Qnld3'^==  QnP/^).  The 
water-surface  elevations  at  the  upper  and  lower  gages  were  then  ad¬ 
justed  to  the  proper  values  by  a  slight  alteration  of  the  roughness 
of  the  model  channel.  For  most  of  the  runs  the  sills  used  in  this 
model  were  in  the  same  locations  as  those  in  the  distorted  model, 
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but  the  elevations  of  the  sill  crests  were  made  slightly  lower,  follow¬ 
ing  the  receipt  of  later  information  from  the  Detroit  Office  of  the  U. 

S.  Lake  Survey. 

Conditions  for  Comparison  Tests  on  the  Undistorted  Model 

4.  These  special  tests  were  made  under  conditions  similar  to 
those  that  had  existed  for  the  distorted  model.  The  model  dis¬ 
charges  were  increased  over  the  theoretical  values  by  the  same  per¬ 
centages  that  had  previously  been  used  in  the  distorted  model,  and 
the  sill  crests  were  raised  to  the  same  elevations  as  those  used  in  the 
distorted  model. 


Results 

5.  Table  1  shows  a  comparison  of  the  backwater  effects  ob¬ 
tained  from  the  two  models  with  the  crests  of  the  sills  at  the  same 
elevations  and  with  the  discharge  of  the  undistorted  model  the  same 
percentage  of  the  theoretical  discharge  (as  given  by  the  expression 
q  =  ld'V2j  as  had  been  used  in  the  distorted  model. 

6.  Table  2  shows  the  backwater  effects  indicated  by  the  un¬ 
distorted  model  when  operated  under  three  different  sets  of  condi¬ 
tions.  The  regular  tests  (Series  A)  were  made  under  the  condi¬ 
tions  described  in  Paragraph  3  of  this  appendix,  with  the  sill  crests 
at  the  elevations  ordinarily  used  for  this  model,  and  with  the 
model  discharges  maintained  at  the  theoretical  values.  For  the 
tests  of  Series  B,  the  same  theoretical  discharges  were  used,  but  the 
sill  crests  were  raised  to  the  elevations  used  in  the  distorted  model. 
For  the  tests  of  Series  C,  the  discharges  were  increased  over  the  theo¬ 
retical  values  by  the  same  percentage  as  had  previously  been  used 
in  the  distorted  model  for  a  natural  discharge  of  194,000  c.  f.  s.,  while 
the  crests  of  the  sills  were  kept  at  the  same  elevations  as  for  the  tests 
of  Series  B. 


Comparison  of  Results 

7.  There  is  considerable  difference  between  the  results  from 
the  distorted  model  and  those  obtained  from  the  regular  runs  on  the 
undistorted  model,  as  can  be  seen  by  a  comparison  of  the  data  for  the 
distorted  model  in  Table  1  with  the  data  of  Series  A  in  Table  2. 

8.  However,  when  the  sills  of  the  undistorted  model  were 
raised  to  the  same  elevations  as  those  that  had  been  used  in  the  dis¬ 
torted  model,  and  when  the  discharges  of  the  imdistorted  model  were 
increased  over  the  theoretically  required  values  by  the  same  per¬ 
centages  that  had  been  used  in  the  distorted  model,  the  I’esults  gen¬ 
erally  agreed  quite  closely,  as  can  be  seen  in  Table  1.  These  tests 
on  the  undistorted  model  indicated  that,  at  least  for  sills  vertical  or 
1 :1  sloping  faces,  the  two  models  would  have  shown  approximately 
the  same  backwater  effects,  if  a  better  adjustment  of  the  distorted 
model  had  been  obtained  so  that  the  discharge  scale  used  could  have 
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been  according  to  Froudian  relationships,  and  if  sills  with  the  same 
crest  elevations  had  been  tested. 

9.  The  results  (as  shown  in  Table  1)  of  the  special  tests  on  the 
undistorted  model  for  the  1:1  sloping  face  sills  indicate  close  agree¬ 
ment  of  the  backwater  effects  obtained  from  the  undistorted  and  dis¬ 
torted  models.  This  close  agreement  is  not  indicated  by  the  special 
tests  on  the  1 :3  sloping  face  sills.  Since  it  was  immediately  apparent 
that  sills  with  wide  slopes  of  1:3  were  the  least  efficient  of  any  of 
those  tested,  the  results  obtained  from  the  distorted  model  for  these 
sills  were  not  as  thoroughly  checked  as  the  other  data.  It  is  possible 
that  a  closer  agreement  between  the  two  models  would  have  been 
obtained  had  more  complete  tests  for  the  1 :3  sills  been  made  on  the 
distorted  model. 

10.  The  difference  in  backwater  effects  indicated  by  tests  on 
the  same  model  with  sills  of  two  different  crest  elevations  may  be 
seen  by  comparing  the  data  of  Series  A  and  B  of  Table  2.  T'he  differ¬ 
ence  caused  by  increasing  the  model  discharge  may  be  seen  by  com¬ 
paring  Scries  B  and  C  of  Table  2. 

TABLE  1,  APPENDIX  D 

Comparistm  of  Bachwater  Effects  from  Distorted  arid  Undislorled  Models 

Backwater  effects  of  Silks  1-8.  Crests  of  sills  in  uudistorted  model  at 
same  elevation  as  those  previoasly  tested  in  distorted  model.  Discharge  of 
undistorted  model  excc^ed  the  theoretical  discharge  by  the  same  per¬ 
centage  that  had  previously  been  rused  in  the  distorted  mfxlel. 


Model 

1  Type  of  Sill 

;  Natural 
Discharge 
1  c.  f.  s. 

Ratio, 

Actual  Qm  to 
Theoretical  Qin. 

Observed 
Backwater  Effect 
(Feet  in  Nature) 

Upstream 

Face 

Downstream 

Face 

Di.storte<l 

V^rrtical 

Vertical 

1  170,000 

1.05 

0.53 

Undistorted 

« 

H 

1  170,000 

1.05 

0.60 

Distorted 

It 

n 

194,000 

1.14 

0.80 

Undustorted 

ti 

“ 

194.000 

1.14 

0.76 

Distorted 

H 

220, OCK) 

1.09 

0.81 

Undistorted 

H 

tt 

220,000 

1.09 

0.78 

Distorted 

1:1* 

1:1 

194,000 

1.14 

0.65 

Uudistorted 

1:1 

1:1 

194,000 

I 

1,14 

0.69 

Distorted 

1:3 

1 

1:3 

194,000 

1.14 

0.21 

Undistorted 

1:3 

1:3 

194,000 

1.14 

0.44 

*  These  are  actual  slopes  in  the  model  and  have  not,  in  the  distorted  model, 
been  distorted  according  to  the  .scales  of  the  model. 
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TABLE  2.  APPENDIX  D 

Backwater  Effects  from  Undistorleii  Model,  for  Different  Conditions 

All  these,  data  are  from  tests  on  sills  1-8,  with  both  faces  vertical.  Ele¬ 
vations  of  ci'Csts  of  sills  were  either  “high”,  us  used  for  the  regular  runs  on 
the  distorted  nifKlel  (see  I'able  2  of  main  report);  or  “low”,  as  used  for  the 
regular  runs  on  the  undistorted  mmlel  (see  Table  4  of  main  refrort). 


Series 

Sill  Crests 

Natural 

Discharge 

C.  f.  8. 

Ratio, 

.'Vetual  (Jm  to 
Theoietical  Qm 

Observed 
Backwater  Effect 
(Peet  in  Natur  e) 

A 

“low” 

170,000 

1.00 

0,47 

A 

4< 

194,000 

1.00 

0.52 

A 

it 

220,000 

1.00 

0.01 

B 

“high” 

170,000 

1.00 

0.52 

B 

ll 

1144,000 

1.00 

1 

0.63 

B 

“ 

220, 0(K) 

1 .00 

0.69 

1 

c 

1 

1  i 

^  “high” 

170,000 

1.14 

0.05 

C 

1  ' 

194,000 

1.14 

0.76 

C 

220,000 

1.14 

0.92 

46 


APPENDIX  E 

REPORT  ON  TESTS  OF  BACKWATER  RESULTING  FROM 
DEEPLY  SUBMERGED  WEIRS  MADE  BY  THE  U.  S. 

LAKE  SURVEY  IN  THE  HYDRAULIC  LABORA¬ 
TORY  OF  THE  UNIVERSITY  OF  MICHIGAN 
JANUARY-FEBRUARY,  1932 

1.  Under  authority  from  the  Chief  of  Engineers,  (2d  Ind. 
7432  (Great  Lakes)-109),  and  after  submitting  the  proposed  program 
to  the  officer  in  charge  of  the  U.  S.  Waterways  Experiment  Station 
at  Vicksburg,  Miss.,  a  series  of  tests  to  determine  the  backwater 
resulting  from  deeply  submerged  weirs  was  made  in  the  Hydraulic 
Laboratory  of  the  University  of  Michigan  in  January  and  February, 
1932.  The  program  for  the  tests  was  planned  by  the  late  F.  G.  Ray, 
Principal  Engineer,  and  the  work  was  done  under  his  supervision 
by  Lake  Survey  personnel,  with  assistance  from  personnel  of  the 
University.  The  computations  involved  and  the  analysis  of  results 
were  made  by  Sherman  Moore,  Engineer.  Valuable  advice  and 
suggestions  were  contributed  by  Professors  King  and  Wisler  of  the 
University  Staff. 

2.  Plate  12,  accompanying  this  report,  shows  diagramatically 
the  apparatus  in  the  Hydraulic  Laboratory  that  was  used  in  the  ex¬ 
periments.  From  a  supply  pit  below  the  first  floor  of  the  Engineer¬ 
ing  Building,  an  electrically  driven  16-inch  centrifugal  pump 
delivered  water  through  a  15-inch  supply  pipe  to  a  steel  stilling  tank 
on  the  third  floor  of  the  building.  Control  of  the  quantity  delivered 
was  regulated  in  part  by  rheostat  conti’ol  on  the  motor  and  in  part 
by  a  gate  valve  near  the  end  of  the  supply  pipe.  From  one  corner  of 
this  tank,  through  screens  and  a  cellular  baffle,  the  water  entered  a 
timber  flume  2  feet  wide,  4  feet  deep,  and  47  feet  long.  At  the  lower 
end  of  the  flume,  angle  irons  projecting  about  1-M  inches  from  the 
sides  and  bottom  held  the  boards  used  in  baffling  the  flow.  From  the 
flume  the  water  passed  through  a  metal  conduit  to  a  receiving  tank, 
and  thence  over  a  90-degTee  V-notch  weir  back  to  the  supply  pit. 
The  pump  could  supply  a  steady  flow  of  11  c.  f.  s.  The  constriction 
in  cross-section  at  the  lower  end  of  the  flume  limited  the  maximum 
velocity  to  slightly  more  than  3  feet  per  second. 

3.  The  head  on  the  V-notch  weir,  which  was  used  to  deter¬ 
mine  the  volume  of  flow  through  the  flume,  was  read  by  a  hook  gage 
in  a  stilling  box.  This  weir  was  not  calibrated  anew,  but  the  zero 
reading  of  the  hook  gage  was  determined  at  intervals.  The  equation 
used  for  flow  over  the  weir,  Q  =  2.505  is  the  result  of  several 
calibrations,  by  personnel  of  the  Hydraulic  Department  of  the  Uni¬ 
versity,  and  is  believed  to  be  more  accurate  than  any  determination 
which  could  have  been  made  by  the  Lake  Survey  in  the  time  avail¬ 
able. 
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4,  For  measuring  water  levels  in  the  flume  three  point  gages 
were  installed  on  the  center  line  of  the  flume.  The  upper  gage  was 
16  feet  from  the  supply  tank,  the  intermediate  gage  10  feet  below 
the  upper,  and  the  lower  gage  \vas  14  feet  below  the  intermediate 
gage  and  7  feet  from  the  end  of  the  flume.  All  models  were  placed 
in  the  flume  with  the  low'cr  edge  of  the  crest  directly  under  the  inter¬ 
mediate  gage.  The  zero  of  the  upper  gage  was  at  the  mean  bottom 
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of  the  flume,  which  was  practically  level.  The  zero  readings  of  the 
intermediate  and  the  lower  gages  were  referred  to  that  of  the  uppm' 
gage  through  simultaneous  observations  of  the  three  gages  on  a  still 
water  surface.  It  was  found  that  these  zero  readings  did  not  remain 
constant  but  varied  with  the  amount  of  water  in  the  flume,  and 
changed  slightly  from  day  to  day.  As  tliese  corrections,  wdiich  were 
small  and  probably  due  to  flexure  of  the  flume  and  the  floor,  were 
determined  at  frequent  intervals,  it  is  believed  that  no  appreciable 
error  enters  from  this  cause. 

5.  The  mean  width  of  the  flume  between  the  upper  and  the 
lower  gates  was  determined  at  2-foot  intervals  in  length  and  0.34-foot 
intervals,  or  the  width  of  a  plank,  in  height.  The  sides  sloped 
slightly  inward,  the  mean  width  at  the  bottom  being  2.03  feet  and 
the  top  2.01  feet. 
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6.  Under  ordinary  conditions  the  point  gages  could  be  read 
with  considerable  accuracy,  but  with  velocities  of  3  feet  per  second 
waves  traveling  down  the  flume  gave  some  trouble.  At  this  velocity 
with  some  models  in  the  flume,  readings  at  the  intermediate  gage 
became  very  uncertain,  and  readings  of  the  lower  gage  were  ap¬ 
parently  affected  bj"-  waves.  None  of  these  conditions  existed  with 
current  velocities  less  than  2  feet  per  second.  To  eliminate  personal 
equation,  a  system  of  12  readings  for  each  test  run  was  adopted,  in 
which  by  the  interchange  of  observers  this  error  was  eliminated  from 
each  group  of  6  readings.  Forty-five  observations  under  varying 
conditions  of  flow  were  made  to  determine  the  normal  fall  in  the 
flume.  The  scattering  of  the  observations  at  the  higher  current 
velocities,  although  not  great,  was  sufficient  to  prevent  the  determi¬ 
nation  of  a  friction  equation.  It  was  decided  to  adopt  the  Manning- 

formula  V  =  R2/3Si''2,  and  to  utilize  the  observations  to  deter- 

n 

mine  the  value  of  n.  The  value  determined  from  the  observations 
was  0.0107.  With  this  value  of  n,  the  following  equations  give  the 
normal  fall  in  the  flume. 


Upper  End 


F  =  0.000525 


Lower  End 


F  =  0.000736 
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7.  The  backwater  experiments  fall  into  several  groups.  In 
series  A,  B,  C,  and  S,  no  attempt  was  made  to  apply  Froudian  re¬ 
lationships.  These  tests  were  planned  to  show  the  relation  between 
backwater  and  change  in  velocity  head,  if  such  relation  existed,  with 
velocities  approximating  those  in  the  river,  and  with  backwater 
effects  large  enough  to  be  easily  measured.  The  models  were  built 
of  planed  lumber,  with  6-inch  horizontal  crests,  slopes  above  and 
below  of  1:3,  and  heights  of  2^,  3%!  5Mi  arid  7  inches.  In 
series  A  the  depths  over  and  below  the  weir  were  held  constant  by 
baffling  and  by  varying  the  flow  in  the  flume.  In  Series  B  the  flow 
was  held  at  approximately  11  c.  f.  s.  and  the  velocity  was  varied  from 
2  to  3  feet  per  second  by  baffling  to  different  depths.  In  Series  S, 
the  7-inch  model  only  was  used,  and  the  flow  varied  from  1)4,  to  11 
c.  f.  s.  with  no  baffling.  This  series  was  run  in  order  that  the  tests 
might  overlap,  in  percentage  submergence,  other  experiments  on 
submerged  weirs.  Series  C  was  made  to  determine  the  effect  of 
varying  the  downstream  slope  of  the  weir.  The  534-inch  model 
was  used  first  with  vertical  downstream  face,  then  with  downstream 
slope  of  134  to  1. 

8.  In  Series  D  and  E,  the  models  were  built  to  a  scale  of  1 :16, 
and  observations  were  made  with  similitude  velocities  and  depths. 
Additional  observations  were  made  at  higher  velocities  to  correlate 
these  Series  with  Series  A,  B,  C,  and  S.  In  Series  E  three  models 
were  used,  built  up  in  the  flume  with  crushed  stone,  proportional  in 
size  to  that  which  would  be  used  in  the  river.  Two  models  had  crest 
widths  of  about  37  inches,  slopes  of  1:3,  and  heights  of  534  and  10 
inches,  duplicating  the  sills  proposed  by  the  St.  Lawrence  Board  on 
a  scale  of  1:16.  The  lower  model  approximated  the  average  con- 
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dition  obtaining  at  the  proposed  sill  sites;  the  higher  model  corres¬ 
ponded  to  conditions  at  the  most  effective  site.  The  third  model 
consisted  of  irregular  mounds  of  stone. 

9.  The  results  obtained  from  Series  A  and  B,  checked  by 
those  from  Series  E,  having  indicated  that  the  effect  of  the  proposed 
sills  had  been  greatly  overestimated,  some  experiments  were  made 
on  other  methods  of  contraction.  Series  D  shows  the  effect  of  rows 
of  piles  driven  into  the  bed  of  the  stream  with  their  tops  30  feet  below 
the  surface.  Two  models  were  used,  both  to  a  similitude  scale  of 
1:16.  Wooden  cylinders  %-ineh  in  diameter,  4J4  inches  high, 
were  fastened  to  metal  plates,  %-mch  thick  and  4  inches  wide,  with 
beveled  edges.  In  one  model  the  cylinders  were  placed  in  a  single 
row,  inches  center  to  center.  In  the  other  model,  three  rows 
1  inch  apart  center  to  center  were  used,  the  cylinders  being  spaced 
IM  inches  center  to  center,  those  of  the  middle  row  with  their  cen¬ 
ters  halfway  between  the  centers  of  the  cylinders  in  the  two  outside 
rows. 

10.  The  experiments  of  Series  F  were  planned  to  determine  the 
backwater  resulting  from  a  row  of  sheet  piling  across  the  bottom. 
In  F-1  and  F-2  a  strip  of  galvanized  iron  4%  inches  wide  was  placed 
on  the  upper  side  of  the  3-row  pile  model.  In  F-4  and  F-5,  a  M  -inch 
board  beveled  at  the  top  was  placed  across  the  flume,  in  F-5  the  up¬ 
stream  side  being  built  up  to  a  1 :3  slope  with  crushed  stone.  In  F-3 
the  metal  strip  was  placed  on  the  upstream  side  of  the  single-row  pile 
model,  and  the  upstream  side  was  built  up  to  a  1 :3  slope  with  crushed 
stone.  While  the  models  are  not  strictly  comparable,  the  effect  of 
the  piles  below  the  plate  appears  to  be  inappreciable. 

11.  The  results  of  the  experimental  tests  are  shown  in  detail 
in  Table  2,  accompanying  this  report.  The  area  over  the  weir  in 
each  case  is  determined  from  the  reading  of  the  intermediate  gage. 
This  is  not  the  minimum  area  with  models  of  1:3  downstream  slope, 
the  minimum  area  with  such  models  occurring  below  the  gage  on  the 
apron.  The  percentage  obstruction  is  the  height  of  the  weir  divided 
by  the  depth  at  the  lower  gage.  Normal  falls  are  computed  by  means 
of  the  equations  in  Paragraph  6,  and  represent  the  frictional  losses 
in  the  flume  exclusive  of  those  caused  by  the  weir. 

12.  After  considerable  study,  it  was  decided  that  the  experi¬ 
ments  in  themselves  were  insufficient  for  the  derivation  of  a  rational 
formula  for  deeply  submerged  weirs.  They  seem  to  show  that  none 
of  the  existing  formulas  are  correct  when  the  percentage  submer¬ 
gence,  that  is,  the  ratio  of  the  head  below  the  weir  divided  by  the 
head  above  the  weir,  exceeds  90  per  cent.  They  also  show  that  the 
recovery  of  velocity  head  below  the  w^eir  varies  both  with  the  velocity 
and  with  the  percentage  obstruction. 

13.  Assuming  that  the  backwater  (F)  must  vary  as  the  square 
of  the  velocity  (V),  and  as  some  function  of  the  percentage  obstruc¬ 
tion,  which  in  the  experiments  is  the  height  of  the  weir  (W)  divided 
by  the  depth  in  the  flume  (D),  best  results  were  obtained  by  plotting 


F  .  ,  W 
against 
V '  u 


The  backwater  appears  to  be  an  exponential  func¬ 


tion  of 


W 

D 


the  exponent  depending  upon  the  shape  of  the  weir.  For 


1:3  slopes  on  both  upstream  and  downstream  sides,  F  varies  as 
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(W/D)”*;  with  vertical  downstream  side,  F  varies  as  (W/D)-  ■*,  irre¬ 
spective  of  the  upstream  slope.  Observations  on  the  stone  weirs  of 
Series  E  fail  to  follow  this  law,  or  any  other  thus  far  discovered.  If 
the  observations  with  velocities  exceeding  2  feet  per  second  are  omit¬ 
ted,  the  factor  (W/D)*  seems  to  fit  fairly  well,  although  the  resi¬ 
duals  are  larger  than  in  other  models.  Some  other  factor,  probably 
the  width  of  the  crest,  seems  to  be  present. 

14.  With  the  pile  models,  P  appears  to  vary  as  (W/D)'^  -  when 
W  is  taken  as  the  height  of  the  top  of  the  piles.  For  the  model  with 
three  rows  of  piles,  the  four  observations,  with  velocities  ranging  from 
0.8  to  3.0  feet  per  second  show  a  maximum  residual  of  0.0004  foot. 
With  the  single  row  the  observations  plot  well  except  the  one  at  3 
feet  per  second  which  shows  a  residual  of  100  per  cent.  This  obser¬ 
vation  appeared  erroneous  at  the  time,  and  was  repeated  with  no 
material  change  in  the  result. 

15.  Similitude  tests  of  Series  D,  E,  and  F  were  based  on  the 
following  conditions,  which  agree  approximately  with  the  mean  con¬ 
ditions  at  the  sites  of  the  proposed  sills  in  the  St.  Clair  River:  Ve¬ 
locity  3.76  feet  per  second,  mean  depth  37.00  feet,  height  of  sill  7.00 
feet.  In  Table  1  the  backwater  corresponding  to  this  condition  has 
been  computed  by  means  of  the  relation  F  =  KV‘^(W/D)“,  and  com¬ 
pared  with  the  backwater  observed  in  the  similitude  tests  multiplied 
by  the  scale  ratio  of  16.  The  comparison  shows  that  the  results  by 
the  similitude  tests  and  those  derived  by  formulas  are  in  substantial 
agreement.  The  discrepancies  are  largely  due  to  departure  of  the 
scale  tests  from  the  assumed  conditions.  The  stone  models  settled 
to  some  extent  after  they  became  wet,  and  it  was  impracticable  to 
secure  exact  depths  and  velocities  without  undue  loss  of  time.  Un¬ 
avoidable  errors  in  the  gage  readings  have  been  multiplied  by  16. 


TABLE  1,  APPENDIX  E 
Comparison  of  Backwater  Effects 


Character  of  Obstruction 

Backwater,  in  Feet 

By  Equation 

By  Similitude  Test 

Sills  proposed  by  the  Board  -  _ 

0.015 

0.012 

One  row  of  piling 

0.054 

0.044 

Three  rows  of  piling 

0.040 

0.041 

Sheet  piling  or  cribwork 

0.094 

0.091 

Sheet  piling  or  cribs,  with  fill 
above 

0.036 

0.026 

16.  The  St.  Lawrence  Board  proposed  to  raise  Lake  Huron 
0.86  foot  by  31  sills  in  the  St.  Clair  River,  at  a  cost  of  $2,700,000. 
Revised  computations  made  by  the  Lake  Survey  in  1931  showed  that 
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the  necessary  compensation  to  be  secured  in  the  St.  Clair  River,  with 
a  diversion  of  3,200  c.  f.  s.  at  Chicago,  is  0.54  foot,  and  that  such 
compensation  could  be  secured  by  11  sills  at  an  estimated  cost  of 
1820,000.  Both  of  these  computations  are  based  on  the  assumption 
that  50  per  cent  of  the  velocity  head  created  by  the  sills  would  be 
recovered.  For  the  mean  conditions  used  in  computing  the  table 
above,  this  assumption  shows  a  backwater  rise  of  0.054  foot  for  each 
sill.  The  table  shows  that  the  backwater  resulting  from  a  sill  of  the 
type  proposed  by  the  Board  would  be  about  one-fourth  of  that  esti¬ 
mated,  and  that  more  than  40  sills  of  this  type  would  be  required  to 
secure  a  backwater  rise  of  0.54  foot  on  Lake  Huron,  at  a  cost  in  ex¬ 
cess  of  $3,000,000. 

17.  If  it  were  possible  to  drive  rows  of  piles  across  the  river 
with  their  tops  30  feet  below  the  surface,  compensation  could  be  se¬ 
cured  with  12  such  rows.  The  cost  of  driving  the  piles  can  not  be 
estimated  readily,  as  special  equipment  for  driving  them  would  be 
necessary.  There  is  some  doubt  as  to  whether  piles  projecting  more 
than  30  feet  above  the  bottom  could  be  held  in  place. 

18.  The  backwater  resulting  from  a  row  of  sheet  piling  makes 
some  such  scheme  attractive.  Sheet  piling  would  be  difficult  to  drive, 
and  it  might  be  impracticable  to  hold  in  place.  It  is  believed  that 
substantially  the  same  backwater  would  result  from  rock-filled  cribs 
placed  end  to  end  across  the  river.  Only  six  rows  would  be  needed, 
provided  there  was  no  deposition  of  silt  above  them.  It  is  not 
known  how  much  material  could  be  deposited  above  the  sills  without 
seriously  affecting  their  efficiency,  but  should  the  fill  reach  the  top 
of  the  sill,  the  loss  would  approximate  60  per  cent.  The  St.  Clair 
River  carries  very  little  material  in  suspension,  and  it  may  be  that 
dredging  at  infrequent  intervals  would  maintain  the  efficiency  of 
the  sills  at  small  expense.  If  cribs  were  used,  openings  near  the  river 
bottom  would  prevent  much  silting  above  them,  and  might  increase 
their  efficiency.  Construction  of  six  such  sills  near  the  head  of  the 
river  would  require  about  5,000  feet  of  crib  work  averaging  12  feet 
in  height.  Assuming  a  cost  of  $100  per  lineal  foot,  which  seems  con¬ 
servative,  the  total  cost  would  amount  to  $500,000. 

19.  It  is  believed  that  these  experiments  have  served  the  pri¬ 
mary  purpose  for  which  they  were  planned.  They  seem  to  show  con¬ 
clusively  that  the  assumption  upon  which  calculations  have  been 
based,  that  one-half  of  the  energy  required  to  pass  a  deeply  sub¬ 
merged  sill  is  lost,  is  not  well  founded.  The  loss  of  energy  in  passing 
such  an  obstruction  seems  to  depend  very  largely  upon  the  amount 
of  turbulence  produced.  If  it  appears  desirable  or  necessary  to  hold 
to  the  general  scheme  as  proposed  by  the  St.  Lawrence  Board,  which 
has  Congressional  approval,  of  compensating  for  lowered  levels  in 
Lake  Huron  by  obstructions  placed  below  the  thirty-foot  depth  in 
the  St.  Clair  River,  it  would  seem  desirable  to  determine  by  further 
experiments  the  most  economical  form  for  such  obstruction.  Facili¬ 
ties  at  the  Hydraulic  Laboratory  of  the  University  of  Michigan  are 
inadequate  for  such  experiments. 
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TABLE  2,  APPENDIX  E 

Observed  Data  of  Experinmits  in  Hydraulics  Lahor at ory,  University  of  Michigan,  i9SS. 


Refer¬ 

ence 

No. 

Water 

Surface 

Above 

Metin 

Bottom 

Feet 

Height 

1 

Percen¬ 
tage  Ob- 
Rtruc- 
tiun 

1  FhI1«  in  Foci 

Back- 

Dare 

Gage 

W'eir 

Feet 

Sq.  Feel 

Velocities 

perSet:, 

Observed. 

1 

Normal 

water 

Fed 

A-1 

Feb.  3 

Uiiper 
Inter . 

2.1357 

2.0010 

0.6023 

i  4.310 
!  2.813 

28.0 

2.655 

3.914 

0.0056 

0.0084 

1 

Lower 

2.0943 

4.224 

2.607 

0.0414 

1  0.0140  ' 

0.0274 

A-2 

Feb.  3 

i 

Upper 

Inter. 

2.1012 

2.0163 

0.6023 

4.236 

2.844 

28.9 

2.175 

3.235 

O.OCMl 

0.0060 

1 

Lower 

2.0779 

4.190 

2.198 

0.0233 

0.0101 

0.0132 

A-3 

1  Feb.  3 

Upper 

Inter. 

2.0543 

1.9020 

0.6023 

4.143 

2.796 

29.5 

1.909 

2.829 

0.0032 

0.0046 

j 

Jjower 

2.0356 

4.107 

1.026 

0.0187 

1  0.0078 

0.0109 

A-4 

Jan.  27 

Upper 

Inter. 

1.6773 

1.6310 

0.2223  j 

13.4  ■ 

2.610 

3.106 

0.0066 

0.0097 

Lower 

1.6623 

2.652 

1  0.0250 

0.0163 

0.0087 

A-5 

Jan.  27 

Upper 

Inter. 

1.6797 

1.6424 

1 

0.2223: 

3.390 

2.865 

13.3 

2.401 

2.841 

0.0056 

0.0082 

Lower 

1.6679 

! 

2.4:{1 

0.0218 

0.0138 

0.0080 

A-8  ^ 

Jan.  20 

Upper 

inter. 

1.6282 

1.QU85 

0.2223 

13.7 

1.981 

2.328 

1 

0.0039 

0.0a55 

Lower 

i.ttiee 

1 

3.266 

1.994 

0.0116 

0.0094 

0.0032 

B-7 

Feb.  3 

Upper 

Inter. 

2.7668 

2.7325 

5.573 

4.282 

21.8 

1.967 

2.560 

0.0031 

0.0043 

liOwer 

2.75:i4 

0.6023  j 

5.546 

1.976 

0.0134 

0.0074 

O.OtJOO 

Ii-8 

Feb.  3 

Upper 

Inter. 

2.2461 

2.1467 

0.6023 

4.531 

3.  no 

27.0 

2.432 

3.  .543 

0.0051 

0.0073 

Lower 

2.2190 

4.473 

i 

2.464  1 

0.0271 

0.0124 

0.0147 

B-9 

Feb.  3 

UpjMir 
Inter.  I 

1.9010 

1.6415 

0.6023 

3.838 

2.093 

33.1 

2.858  1 
5.241  ' 

0.0075 

0.0119 

Lower 

1.8aS7 

3.648 

3.007 

0.0923 

0.0194 

0.0729 

K-10 

Jan.  29 

Upper 

Inter. 

2.7fi43 

2.7426 

0.45.38 

5.569 

4.603 

16.4 

1.955 

2.366 

0.0030 

0.0043 

Lower 

2.7547 

5.550 

1.962 

0.00(16 

0.0073 

0.0023 

ii-10  1 

Jan.  29  : 

Upper 

Inter. 

2.7634 

2.7441 

0.4538 

.5.687 

4.600 

16.4 

1.974 

2.389 

0.0031 

0.0043 

Lower 

2.75-14 

5.. 548 

1.981 

0.0090 

0.0074 

0.0016 

B-Il 

Jan.  30 

Upper 

Inter. 

2.2233 
2.1708  : 

0.4538 

4.483 

3.455 

20.4 

2.463 

.3.195 

0.0052 

0.0074 

Lower 

|_2_;2068 

4.451 

__2.480_ 

0.0165 

0.0120 

0.0039 
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TABLE  2,  APPENDIX  E— Continued. 


Observed  Data  of  Experiments  in  Hydraulics  Laboratory,  University  of  Michigan,  1932. 


R^fer- 

Water 

Surface 

Above 

Height 

of 

Areas  I 

Percen¬ 
tage  Ob- 

j 

Falls  in  Feet  j 

ence 

No. 

Date 

Gage 

Mean 

Bottom 

Ff-ei 

Weir 

Feet 

Sq.  Feeii 

Biruc- 

tioa 

Velocities 

FL  }ter  Sec, 

Observed 

Nuntial  ; 

1 

water 

FeH 

B-i;2 

Jan.  30 

Upper 
Inter . 

1 . 0904 
1.8792 

0.4538 

4.028  i 
2.868 

22.0 

2.743 

3.853 

i 

0.0068  1 
0.0098  1 

Lower 

1.9684 

3.973  1 

2.781 

0.0280 

0.0166  ! 

0.0114 

R-13 

Feb,  5 

Upfjer 

Inter. 

2.7638 

2.7521 

0.3318 

5.563 
4.808  ; 

12.1 

1.967 

2.247 

o.oaii  ! 

0.0043 

Lower 

2.7559 

5.552 

1.970 

0.0079 

0.0074  I 

0.0005 

n-14 

.Jau  28 

1 

Upper 

Inter. 

2.2340 

2.2002 

0.3318 

4.505 

3.702 

15.0 

2.440 

2.021 

! 

0.0051  : 
0.0073  ; 

laiwcr 

2. 2108 

4.477 

2.455 

0,0142  i 

0.0124 

0.0018 

B-18 

Jan.  28 

Upper 

Inter. 

l.a371 

1.7483 

0.3318 

3.708  i 
2.854 

13.2  ■ 

2.950 

3.840 

0.0081  i 

0.0119  1 

Lower 

i.8im» 

3.G66 

2.998 

0.0262  ' 

0.0200  ^ 

0.0062 

B-10 

Jan.  27 

Upper 

later. 

:  2.7453 
i  2.7347 

0.2223 

5. 529 
5.058 

8.1 

1 . 995 
2.181 

1 

i 

1  0.0031 
0.0045 

lyower 

2.735S 

5.510 

2.002 

0.0098 

0.0070 

0.0022 

n-17 

Jan.  27 

Upper 

Inter. 

2.2077 

2.1862 

0.2223 

4.453 

3.958 

10.1 

2.459 

2.767 

0.0062 

0.0074 

Law’er 

2.1921 

4.420 

2.477  ; 

0.0156 

0.0126 

0.0030 

B.I8 

Jan.  27 

Upper 

Inter. 

1.8510 

1 . 7981 

0.2223 

3.737 

3.177 

12.1 

2.946 

3.466 

0.0081 

0.0116 

I,owerj 

1 . 8296 

3 . 694 

2.980 

0.0214 

0.0197 

0.0017 

>S-1 

Feb.  3 

tTpper 

Inter. 

1.7140 

1.4209 

0.0023 

3.458 

1.660 

37.  S 

2.611 

5,440 

0.0066 

0.0111 

Lower 

1.5037  1 

3.216 

2.808 

0,1203 

0.0177 

0.1026 

8-2 

Feb.  2 

Upper 

Inter. 

1.53<)6  : 
1.2623 

0.6023 

3.109 

1.328 

43.3 

2.248 

5.264 

0.0052 

0.0095 

Lower 

1.3805 

2.787 

2.508 

0.1591 

0,0147 

0.1444 

H-3 

Feb.  2 

Upper 

Inter. 

1.3642 

1.0fH)3 

0.6023 

2.765 

0.998 

51.8 

1.837 

6.070 

0.0037 

0.0080 

I^ower 

1.1. m 

2.330 

2.172 

0.2106 

0.0117 

0.1989 

8-4 

Feb.  2 

Upper 

Inter. 

1 . 1597 
0.‘«43 

0.6023 

2.342 

0.668 

66.9 

1.281 

4.491 

0.0020 

0.0055 

I.ower 

0.8952 

1.808 

1.659 

1  0.2645 

0.0075 

0.257U 

C-l 

Feb.  1 

Upper] 

Inter.' 

2.7628  1 
2.7395 

0.4.508 

5.563 

4.599 

16.3 

1.979 

2.394 

0.0031 

0.0044 

i  Lower 

2.7529 

5-543 

1.086 

O.OOtIH  1  0.007.5 

0.0024 
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TABLE  2,  APPENDIX  E— Continued. 


Observed  Data  of  ETperiments  in  Hydraulics  Laboratory,  University  of  Michigan,  10$8. 


Refer' 

once 

No. 

Date 

Gage 

Water 

Surface 

Above 

Mean 

Bottom 

Feet 

Height 

of 

Weir 

Feet 

Area;S 

Sq.  FefA 

1  Percen¬ 
tage  Ob- 
,  struc- 
1  tion 

i 

Velocities 

Ft.  per  Sec. 

Falls  ii 

Observed 

»  Feet 

Normal 

Back- 

w'ator 

Feet 

C-2 

Feb.  1 

Upper 

1.8411 

3.718 

2.953 

0.0081 

i 

i 

Inter. 

I.6S:59 

0.4508 

1  2.482 

j  24.8  1 

4.424 

0.0120 

Lower 

1.8020  1 

1  .8.0.38  1 

3.018 

0.0382 

0.0201 

0.0181 

C-3 

Jan.  30  I 

Upper 

Inter. 

2 . 7074 
2.7411 

0.4508 

5.574 

4.603 

16.4 

1.963 

2.377 

0.0031  1 
0.0043  ! 

Ix>werj 

2.7549 

i 

1  5.64S 

1.972 

0.0125 

0.0074 

0.0051 

C-4 

Feb.  1 

Upper 

Inter. 

i  1.8:187  i 
i  1.6811  i 

i 

j  0.4,’i08| 

1  3.710 

1  2.474 

26.4 

2.968 

4.450 

0.0082  1 
0.0127 

i 

I..ower 

^  1.7671  ' 

1  3.587 

3.0S7 

0.0716 

0.02(W  * 

0.0507 

D-l 

;  Fob.  8  1 

;  Upper 
Inter. 

1.8439 

1.7908 

0.442 

,  3.723 

I  2.995 

1 

17.4  : 

2.938 

3.653 

i 

0.0080 

0.0121 

Lower 

1.7966 

1  3.626 

3.017 

0.0473  i 

0.0201 

0.0272 

D-1 

Feb.  15 

Upper 

Inter. 

1.8411 

1.7863 

0.442 

:L719 
;  2.986 

17.4 

2.9.50 

3.674 

0.0081  ! 
0.0122  1 

Ijower 

1.7904 

i  3.614 

3.055 

0.0507 

0.0203 

0.0304 

D-2 

Feb.  8 

1  Upper 

1  Inter. 

2.2.501 

2.2197 

0.442 

1  4.540 
3.837 

13.6 

2.423 

2.852 

0.00.50 

0.0073 

1  I^wer 

2.2118 

4.462 

2.465 

0.0383 

0.0123 

0.0260 

D-3 

Feb.  8 

\  Upper 
1  Inter. 

2.7597 

2.7436 

0.442 

5.. 559 
4.906 

11.2 

1.972 

2.234 

0.0031  i 
0,0043  ! 

1  Lower 

2.7418 

5.523 

1.984 

0.0179  ' 

0.0074 

0.0105 

D-4 

Feb.  8 

Upper  I 
Inter. 

2.. 3051 
2.3011 

0.442 

4.648 

4.021 

13.3 

0.92.3 

1.067 

0.0007 

0.0010 

Lower 

2.3004 

4.640 

0.926 

0.0047 

■  0.0017 

0.0030 

D-4 

Feb.  8 

Upper 

Inter. 

2.31,55 

2.3119 

0.442 

4.671 

4.04:t 

13.2 

0.920 

1.062 

0,0007 
0.0010  ; 

Lower 

2.3112 

4.660 

0.922 

0.0043 

0.0017  i 

!  0.0026 

TABLE  2.  APPENDIX  E— Continued. 

Observed  Data  of  Experiments  in  Hydraulics  Laboratory^  University  of  Michigan^  WS2. 


llefer- 

ence 

No. 

1  Date 

1 

Water 

Sur£a<.*e 

1  .Above 

Gaffe  Mean 

Bottom 
Fret 

1  Height 
t  of 
Weir 

Feet 

Areas 

5g.  Feet 

Percen- 
taite  Ob- 
struc- 
tiOQ 

Fails  in  Feet 

Velocities 

1  Observed  Normal 

\Ft.  per  Sec. 

Back- 

wafer 

Feet 

D-5 

Feb.  10 

Upper  2.2945 

4. 628 

0.933  0.0007 

Inter.  2.2912 

0.442 

4.153 

i  10.1 

1.040  0.0011 

j 

Lower  2.2903  i 

i  4.618 

0.935  0.0042  0.0018 

0.0024 

Feb.  8 

Upper 

Inter. 

1.8371 

1.7883 

0.442 

3.708 

3.140 

Ivower 

1.7666 

3.568 

D-7 

Feb,  10 

Upper 

Inter. 

2.2347 

2.2079 

0.442 

4.507 

3 . 1)86 

Lower 

2.2029 

4.443 

D.8 

Fob.  10 

Upper 

Inter. 

2.7758 

2.7614 

0.442 

5.590 

5.005 

lx>wer 

2.7606 

5.561 

D-9 

Feb,  9 

Upper 

Inter. 

2.2832 

2.2801 

0.442 

4.004 

4.130 

Lower 

2.2780 

4.595 

D-9 

Feb.  9 

Upi>er 

Inter. 

2.2829 

2.2795 

0.442 

4.604 

4.128 

Lower 

2.2788 

4.595 

2.964 
12.0  3.500 

3.080 

2.488 
10.3  2.757 

2.474 

1.064 
8.4  2.1.55 

1.974 

0.931 

10.1  1.037 

o.fm 

0.021) 

10.2  l.a‘56 

0.931 


0.0082 

0.0128 

0.0705  0.0208 

0.0051 

0.0074 

0.031S  0.0125 

0.0031 

0.(X)43 

0.0162  0.0074 

0.0007 

0.0011 

0.0040  0.0018 

0.0007 

0.0011 

0.0041  0.0018 


PILE  MODEL,  TRIPLE  ROW 


PILE  MODEL, DOUBLE  ROW 

1  1  ^ 
II 

1 

6  O  0  0  O  1 
-€)  O  O  O  O 

IIJL 
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TABLE  2,  APPKNDIX  E— Continued. 

Observed  Data  of  Exjterimenin  in  Hydraulics  Laboratory,  University  of  Michigan,  19313. 


Refer¬ 

ence 

No. 

1 

Date 

1 

Gage 

!  Water 
Surface 
Above 
i  Aleati 
j  Bottom 

1  Feei 

1 

Height 

of 

Weir 

i  FeH  ' 

Areas 

Sq.  Fr.et 

1 

Percen¬ 
tage  Ob¬ 
struc¬ 
tion 

1 

Velocities 

Ft.  per  Sec. 

Palls  in  Foct  j 

Back¬ 

water* 

Feet 

Observed  j 

Normal  | 

F-fl 

Feb.  10 

Upper 

2.6010 

1 

6.420 

0.81! 

0.0005 

1 

Inter. 

2.0S00 

1  0.8463 

3.680 

1  31.5 

1  1 . 193 

0.0007 

i 

Lower 

2-0851  1 

6.409 

!  0.81.3 

0.0059 

0.0012 

[  0.0047 

VERTICAL  PLATE 


F-1 

Feb. 

10 

upper 

Inter. 

1 . 9282 

1 . 8094 

0.4428 

3.890  i 
2.751 

24.5 

2.817 

3.984 

0.0072 

0.0122 

1 

1 

Lower 

1.7938 

3.020 

3.028  1 

0.1344  , 

1  0.0194 

0.1150 

F-2 

Feb. 

10 

Upper 

Inter. 

2.2887 

2.2788 

0.4428 

,  4.615 
j  3.697 

19.4 

0.923  ^ 

1.152 

0.0007 

0.0010 

1 

T.ower 

2,2813  , 

1  4.600 

0.926  1 

0.0074  1 

0.0017 

0.0057 

F-4 

Frb. 

10 

Upper 

Inter. 

2.6860 

2.6721 

0.8463 

1  5.410 
j  3,669 

31.6 

0.815  ' 
1.202 

0.0005 

0.0008 

Lower 

2.6714  1 

i 

!  5,382 

'  0.820  ; 

1  0.01-4fi 

0.0013 

0.0133 

E-1 

Feb. 

12 

Upper 

Inter. 

1.8522 

1.6631 

0.4225 

3.740  1 
2.403  ’ 

23.3  i 

2.947 

4.420 

0.0080 

0.0122 

Lower 

1.798!) 

3.629 

3.037 

0.0533 

0.0302 

0.0331 

E-2 

Feb. 

12 

Upper 
Inter. : 

2.2310 

2.1601 

0.4226 

4.498  1 

3.498 

19.1 

>  2.428  ; 
I  3.122 

0.0050  i 
0.0073 

Lower 

2.2040 

4.446 

2.456 

0.0264  , 

0.0123 

1^3 

Feb. 

12  : 

Upper 

Inter. 

2.7685  ■ 
2.7400 

0.4225 

5.575 

4.660 

15.3 

1.984 

2.373 

Lower 

2.7580 

5.555 

1.991 

0.0105 

0.0075 

0.0030 

E-4 

Feb. 

12 

Upper! 

Inter. 

2.2941 

2.2870 

0.4225 

4.025  j 
3.756  I 

i 

18.4 

0.920 

1.133 

i 

0.0007 

0.0010 

Lower 

1  2.2916 

4.622 

0.92] 

0.0025 

0.0017 

i  0.0008 

jj:-4 

Feb. 

12 

Upper 

Inter. 

2.2955 

2.2804 

0.4225 

4.027 

3.758 

18.4 

0.919 

1.131 

0.0007 

0.0010 

fxiwer 

2.2932 

1  4.624  i 

0.019 

!  0.0017 

0.0006 
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TABLE  2,  APPENDIX  E— Continued. 

Observed  Data  of  Experimenls  in  Hydraulics  Laboratory,  University  of  Michigan,  19SS 


>v  nter 

1 

1 

Surfiice 

Hei{^bt 

Percen- 

Falls  in  Feel 

Refer- 

Above 

of 

Areas  i 

Itage  Ob- 

Back* 

eiue 

Dat« 

Gace 

:  Mean 

1  Weir 

j 

Hlruc- 

Velocities 

1 

water 

No. 

1 

Bottom 

tiou 

Observed  Normal 

t'eet 

:  Feet 

So.  Feet 

Ft.  periitc. 

1  Fed 

]'>5 

Feb.  13 

Upper 

2.6732 

5.386 

!  0.822 

0.000.5 

Inter. 

2.6606 

0.8185 

3.700 

30.7 

1.196 

0.0008 

Lower 

2.6685 

:  5.375 

;  0.824 

0.0047  0.0013 

0.0034 

K-5 

Feb.  13 

Upper 

2.6815 

6.402 

0.817  i 

0.0005  : 

Inter. 

1  2.6687 

I  0.8185 

3.714 

30.6 

1.189  ! 

0.0008 

Lower 

2.6769 

5.394 

!  0.810  1 

O.IXMS  1  0.0013 

0.0033 

E-fl 

Feb.  17 

!  Upper 
!  Inter. 

2.3024 

2.2975 

0.443 

4.643  1 

3.976  ;  14.3 

0.933 

1.090 

0.0007 

o.mo 

Lower 

2.2998 

4.637 

0.934 

0.0026 

0.0017 

0.0009 

X 


K 


